'  Power  Sources  263  (2014)  338-360 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 


ELSEVIER 


epage:  www.e 


m/locate/jpowsou 


Review 


Microwave-assisted  synthesis  of  metal  oxide/hydroxide  composite 
electrodes  for  high  power  supercapacitors  —  A  review 


Soheila  Faraji,  Farid  Nasir  Ani 

Department  of  Thermodynamics  and  Fluid  Mechanics,  Faculty  of  Mechanical  Engineering,  llniversiti  Teknologi  Malaysia,  UTM  8J3W,  Skudai,  Johor  Bahru, 
Johor  Darul  T'azim,  Malaysia 


HIGHLIGHTS 


•  Supercapacitor  of  metal  oxide/hydroxide  thin  film  by  microwave  method  studied. 

•  Supercapacitors  exhibit  high  specific  capacitance  as  potential  energy  storage. 

•  Metal  oxide/hydroxide  films  play  a  major  role  in  supercapacitor  technology. 


ARTICLE 


N  F  O 


A  B  S  T  R 


C  T 


Article  history: 

Received  27  January  2014 
Received  in  revised  form 
28  March  2014 
Accepted  30  March  2014 
Available  online  13  May  2014 


Keywords: 
Supercapacitor 
Metal  oxide/hydroxide 
Microwave-assisted 


Electrochemical  capacitors  (ECs),  also  known  as  pseudocapacitors  or  supercapacitors  (SCs),  is  receiving 
great  attention  for  its  potential  applications  in  electric  and  hybrid  electric  vehicles  because  of  their  ability 
to  store  energy,  alongside  with  the  advantage  of  delivering  the  stored  energy  much  more  rapidly  than 
batteries,  namely  power  density.  To  become  primary  devices  for  power  supply,  supercapacitors  must  be 
developed  further  to  improve  their  ability  to  deliver  high  energy  and  power  simultaneously.  In  this 
concern,  a  lot  of  effort  is  devoted  to  the  investigation  of  pseudocapacitive  transition-metal-based  oxides/ 
hydroxides  such  as  ruthenium  oxide,  manganese  oxide,  cobalt  oxide,  nickel  oxide,  cobalt  hydroxide, 
nickel  hydroxide,  and  mixed  metal  oxides/hydroxides  such  as  nickel  cobaltite  and  nickel— cobalt  oxy- 
hydroxides.  This  is  mainly  due  to  the  fact  that  they  can  produce  much  higher  specific  capacitances 
than  typical  carbon-based  electric  double-layer  capacitors  and  electronically  conducting  polymers.  This 
review  presents  supercapacitor  performance  data  of  metal  oxide  thin  film  electrodes  by  microwave- 
assisted  as  an  inexpensive,  quick  and  versatile  technique.  Supercapacitors  have  established  the  specific 
capacitance  (Cs)  principles,  therefore,  it  is  likely  that  metal  oxide  films  will  continue  to  play  a  major  role 
in  supercapacitor  technology  and  are  expected  to  considerably  increase  the  capabilities  of  these  devices 
in  near  future. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  electrochemical  capacitor  (EC)  is  often  known  and  called 
supercapacitor  [1],  As  an  energy  storage/delivery  device,  super¬ 
capacitor  to  be  of  great  technical  potential  in  power  systems  owing 
to  its  high-power  characteristics  with  acceptable  capacity  and  long 
cycle  life.  Supercapacitors,  sometimes  called  pseudocapacitors  or 
electric  double-layer  capacitor  (EDLC)  or  ultracapacitors,  do  not 
have  a  conventional  solid  dielectric.  The  capacitance  value  of  an 
electrochemical  capacitor  is  determined  by  two  storage  principles, 
both  of  which  contribute  to  total  capacitance  of  capacitor  [2-4]: 
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(1)  Double-layer  capacitance  (DLC)  -  electrostatic  storage  of 
electrical  energy  achieved  by  separation  of  charge  in  a 
Helmholtz  double  layer  at  the  interface  between  surface  of  a 
conductive  electrode  and  an  electrolyte.  The  distance  of  static 
separation  of  charge  in  a  double-layer  is  of  the  order  of  a  few 
angstroms  (0.3-0.8  nm),  which  is  enormously  small  [3,4], 

(2)  Peseudocapacitance  -  Electrochemical  storage  of  electrical 
energy  with  electron  transfer,  achieved  by  redox  reactions  with 
specially  adsorbed  ions  from  electrolyte,  intercalation  of  atoms 
in  the  layer  lattice  or  electrosorption,  under  potential  deposi¬ 
tion  of  hydrogen  or  metal  adatoms  in  surface  lattice  sites  which 
results  in  a  reversible  faradaic  charge  transfer  [3,4], 

The  ratio  of  storage  resulting  from  each  opinion  can  vary 
significantly,  depending  on  electrode  design  and  electrolyte 
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composition.  Supercapacitance  can  enhance  the  capacitance  value 
by  as  much  as  an  order  of  magnitude  over  that  of  the  double-layer 
by  itself  [3],  Supercapacitors  are  divided  into  three  families,  based 
on  design  of  the  electrodes  [3-7]: 

(a)  Double-layer  capacitors  —  with  carbon  electrodes  or  deri- 
vates  with  much  higher  static  double-layer  capacitance  than 
faradaic  pseudocapacitance. 

(b)  Supercapacitors  -  with  electrodes  out  of  metal  oxides  or 
conducting  polymers  with  a  high  amount  of  faradaic 
pseudocapacitance. 

(c)  Hybrid  capacitors  -  capacitors  with  special  and  asymmetric 
electrodes  that  exhibit  both  major  double-layer  capacitance 
and  pseudocapacitance,  such  as  lithium-ion  capacitors. 

In  recent  years,  supercapacitors  have  attracted  significant 
attention,  mainly  due  to  their  high  power  density  and  long  lifecycle 
[1,8],  They  have  the  maximum  available  capacitance  values  per  unit 
volume  and  the  greatest  energy  density  of  all  capacitors.  They 
support  up  to  12,000  F/1.2  V,  with  capacitance  values  up  to  10,000 
times  that  of  electrolytic  capacitors.  While  existing  supercapacitors 
have  energy  densities  that  are  approximately  10%  of  a  conventional 
battery,  their  power  density  is  generally  10  to  100  times  greater. 
Power  density  is  defined  as  the  product  of  energy  density,  multi¬ 
plied  by  the  speed  at  which  the  energy  is  delivered  to  the  load. 
Greater  power  density  results  in  much  shorter  charge/discharge 
cycles  than  a  battery  is  capable  of,  and  a  greater  tolerance  for 
numerous  charge/discharge  cycles  [3,9], 

In  order  to  understand  the  inherent  differences  between  these 
two  electrochemical  storage  systems  better,  supercapacitors  and 
batteries,  as  well  as  electrochemical  energy  conversion  systems,  a 
Ragone  plot  can  be  drawn  to  demonstrate  their  respective  perfor¬ 
mances.  Ragone  plots  are  often  used  to  graph  the  characteristic 
power  density  in  relation  to  energy  density  of  such  systems  as 
shown  in  Fig.  1  [8],  The  unique  role  that  each  energy  storage  or 
conversion  system  plays  is  evident  by  their  region  of  dominance. 
While  batteries  are  the  popular  choice  for  high  portable  energy 
storage,  with  Li-ion  batteries  achieving  energy  densities  of 
180  Wh  kg-1  [10],  the  electrode  materials  suffer  strenuous  volume 
and  irreversible  phase  changes  during  charge  discharge  cycling  that 
limits  their  cycle-life.  This  disadvantage  further  impedes  their 
application  for  high  power  performance  applications  which  often 
require  rapid  charging  and  discharging  in  short  intervals.  These 
shortcomings  draw  attention  to  the  characteristic  strengths  of  ECs. 
Evident  by  Ragone  plot  (Fig.  1),  commercial  ECs  do  not  currently 
possess  the  large  energy  densities  of  batteries,  with  commercial 
devices  ranging  between  5  and  10  Wh  kg-1.  Power  density  of  ECs 
far  exceeds  that  of  batteries  with  the  ability  to  charge  and  discharge 
stored  energy  within  seconds.  ECs  compliment  this  characteristic 
very  well  with  a  cycle  life  in  excess  of  106  cycles  of  deep  discharge 
within  a  wide  operational  temperature  range  and  require  no 
further  maintenance  upon  integration.  Conscientious  of  environ¬ 
mental  standards,  these  devices  are  also  recyclable  [11]. 

The  electrolytes  within  an  EC  play  an  equally  vital  function  in 
development  of  electrostatic  and  reversible  redox  processes 
necessary  for  charge  storage  and  overall  energy  density.  Choices 
among  electrolytes  range  between  aqueous  to  organic  and  ionic 
liquid,  where  consideration  is  given  to  electrolyte  conductivity,  ion 
size  and  electrochemical  stability  (voltage  limitations).  Within 
electrochemical  capacitors,  the  electrolyte  is  the  conductive 
connection  between  the  two  electrodes,  distinguishing  them  from 
electrolytic  capacitors,  in  which  the  electrolyte  only  forms  the 
cathode,  the  second  electrode.  Supercapacitors  are  polarized  and 
should  operate  with  correct  polarity.  Polarity  is  controlled  by 
design  with  asymmetric  electrodes,  or,  for  symmetric  electrodes,  by 


Specific  energy  (Wh  Kg'1) 


Fig.  1.  Ragone  plot  with  rough  guide  lines  of  current  energy  storage  and  conversion 
devices  [8], 

a  potential  applied  during  the  manufacturing  process.  Super¬ 
capacitors  support  a  broad  spectrum  of  applications  for  energy  and 
power  requirements.  EC  was  supposed  to  enhance  the  fuel  cell  or 
the  battery  in  the  hybrid  electric  vehicle  to  supply  the  necessary 
power  for  acceleration,  and  additionally  allow  for  recuperation  of 
brake  energy.  Today,  several  companies  such  as  Siemens  Mat¬ 
sushita  (now  EPCOS),  Maxwell  Technologies,  Panasonic,  TOKIN, 
ELNA,  NEC  and  several  others  invest  in  electrochemical  capacitor 
development  [3,6,7,9,12,13], 

Microwaves  are  being  in  many  areas  of  chemistry  and  micro- 
wave  techniques  have  become  suitable  for  industrial  applications 
such  as  food  processing  [14,15]  and  industrial  materials  [16-19].  In 
particular,  the  microwave  assisted  technique  is  regarded  as  a  novel 
method  in  synthesis  of  inorganic  solids  and  is  a  rapidly  developing 
area  of  research.  This  method  is  facile,  fast,  quite,  secure,  control¬ 
lable  and  energy-saving.  Besides  decreasing  synthesis  time,  it  was 
duly  demonstrated  that  microwave  technique  provides  an  effective 
way  to  control  particle  size  distribution  and  macroscopic 
morphology  in  the  synthesis  [20],  Microwave-assisted  methods 
have  been  tried  to  synthesize  metal  oxide  composite  electrodes  as 
supercapacitors  [21-24],  Nanostructured  metal  oxides,  which 
exhibit  pseudocapacitance  behaviour,  are  considered  to  be  excel¬ 
lent  materials  for  achieving  high  specific  capacitance. 

This  review  presents  the  investigation  of  supercapacitive  per¬ 
formance  of  metal  oxide/hydroxide  thin  film  electrode  materials  by 
microwave-assisted  (MV)  technique.  Supercapacitors  have  exposed 
the  specific  capacitance  (Cs)  values,  which  are  moderately  com¬ 
parable  with  bulk  electrode  values.  Therefore,  it  is  expected  that 
these  metal  oxide  thin  films  will  continue  to  play  a  significant  role 
in  supercapacitor  technology. 

2.  Supercapacitor 

The  ECs  is  called  as  supercapacitors,  which  occur  on  electrodes 
when  the  application  of  a  potential  induces  faradaic  current  from 
reactions  such  as  electrosorption  or  from  the  oxidation— reduction 
of  electroactive  materials  (e.g.,  RuCh,  IrCh,  and  C03O4)  [1,6,25—29], 
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Electrosorption  occurs  when  chemisorptions  of  electron  donating 
anion  such  as  Cl-,  B-,  I-,  or  CNS-  takes  place  in  a  process  such  as: 

M  +  A  <->  MA(1  “  +  d  e  .  Such  an  electrosorption  reaction  of 

A~  an  ions  at  the  surface  of  an  electrode,  and  the  quantity  5  e  are 
related  to  the  so-called  “electrosorption  valence”  [30],  Secondly,  by 
a  replace  of  charge  across  the  DL,  rather  than  a  static  separation  of 
charge  across  a  limited  distance,  resulting  in  oxidation— reduction 
reactions  (indicated  as:  Oad  +  ne  -►  Red).  The  charge,  ne  ,  replaced 
in  this  reaction,  and  the  energy  storage  is  indirect  and  comparable 
to  that  of  a  battery.  It  is  well  known  that  both  of  two  different 
storage  mechanism  of  EDLC  and  supercapacitance  exist  for  the 
supercapacitor  system.  Classically,  one  of  the  storage  mechanisms 
occupies  the  leading  position,  the  other  is  relatively  weak.  The 
comparison  of  EDLC  and  supercapacitance  is  showed  in  Table  1  [31  ]. 

2.1.  Supercapacitor  parameters 


electrolyte.  The  electrodes  are  separated  by  a  porous  separator, 
containing  the  same  electrolyte  as  the  active  material.  The  potential 
drop  across  the  cell  is  also  shown  in  Fig.  2.  It  also  shows  that 
charges  can  be  stored  and  separated  at  the  interface  between  the 
electrolyte  and  the  conductive  solid  particles  (such  as  carbon  par¬ 
ticles  or  metal  oxide  particles).  This  interface  can  be  treated  as  a 
capacitor  with  an  electrical  double-layer  capacitance.  The  double 
layer  capacitance,  Cd/,  at  each  electrode  interface  is  given  by 
Refs.  [1,6]; 

Cd/  =  eA/Attt  (2) 

where  e  is  the  dielectric  constant  of  the  electrical  double  layer  re¬ 
gion,  A  the  surface  area  of  the  electrode  and  t  is  the  thickness  of  the 
electrical  double  layer.  The  specific  energy  (E)  and  specific  power 
(P)  of  supercapacitors  are  calculated  according  to  Refs.  [1,6]; 


Supercapacitors  store  the  electric  energy  in  an  electrochemical 
double  layer  (Helmholtz  Layer)  formed  at  a  solid  electrolyte  inter¬ 
face.  Positive  and  negative  ionic  charges  within  the  electrolyte 
accumulate  at  the  surface  of  the  solid  electrode  and  compensate  for 
the  electronic  charge  at  the  electrode  surface.  The  thickness  of  the 
double  layer  depends  on  the  concentration  of  the  electrolyte  and  on 
the  size  of  the  ions  and  is  in  the  order  of  5-10  A,  for  concentrated 
electrolytes.  The  double  layer  capacitance  is  about  10-20  pF  citT2 * * 5 
for  a  smooth  electrode  in  concentrated  electrolyte  solution  and  can 
be  estimated  according  to  Eq.  (1)  [12]; 

C  =  e0erA/d  or  C/A  =  e0er/d  (1) 

assuming  a  relative  dielectric  constant  of  10  for  water  in  the  double 
layer  and  d  being  the  thickness  of  the  double-layer  with  surface 
area  A.  The  corresponding  electric  field  in  the  electrochemical 
double  layer  is  very  high  and  assumes  values  of  up  to  106  V  cm  1 
easily.  Compared  to  conventional  capacitors  where  a  total  capaci¬ 
tance  of  pF  and  pF  are  typical,  the  capacitance  and  energy  density 
stored  in  the  electrochemical  double  layer  are  rather  high  per  se 
and  the  idea  to  build  a  capacitor  based  on  this  effect  is  tempting.  In 
order  to  achieve  a  higher  capacitance  the  electrode  surface  area  is 
additionally  increased  by  using  porous  electrodes  with  an 
extremely  large  internal  effective  surface.  Combination  of  two  such 
electrodes  gives  an  electrochemical  capacitor  of  rather  high 
capacitance.  Fig.  2  [12]  presents  a  schematic  diagram  of  an  elec¬ 
trochemical  double-layer  capacitor  consisting  of  a  single  cell  with  a 
high  surface-area  electrode  material,  which  is  loaded  with 

Table  1 

Comparison  between  electric  double-layer  capacitors  (EDLC)  and  supercapacitance 
[31]. 


EDLC 


Supercapacitance 


C  fairly  constant  with  potential, 
except  through  the  potential  of 

Highly  reversible  charging/ 
discharging 


Involves  faradic  process(es) 

2000  pF  cm-2 

for  single-state  process; 

200-500  pF  cm  2 

for  multi-state,  overlapping  process 

C  fairly  constant  with  potential  for 

Ru02;  for  single-state  process;  exhibits 

marked  maximum 

Can  exhibit  several  maxima  for 

overlapping;  multi-state  processes,  as 

for  H  at  Pt,  quite  reversible  but  has 


limitation  determined  by  Rf 

5.  Has  restricted  voltage  range  Has  restricted  voltage  range 
(contrast  non-electrochemical 

electrostatic  capacitor) 

6.  Exhibits  mirror-image  Exhibits  mirror-image  voltammograms 

voltammograms 


E  =  (1/2)CV2  =  QV/R  (3) 

P  =  V2f4R  (4) 

where  C  is  the  dc  capacitance  in  Farads,  V  the  nominal  voltage,  and 
R  is  the  equivalent  series  resistance  (ESR)  in  ohms  (Q)  [1,32],  Also  Q, 
indicates  the  stored  total  charges  in  coulombs.  From  these  two 
equations,  it  can  be  seen  that  C,  V  and  R  are  three  important  vari¬ 
ables  determining  the  performance  of  supercapacitor.  In  general, 
the  capacitance  and  stored  charge  basically  depend  on  the  elec¬ 
trode  material  used  [1], 

The  specific  capacitance  (Cs),  with  a  unit  of  Faraday  per  gram 
(F  g_1)  can  be  obtained  by  the  Eq.  (5)  [1]; 

Q  =  Q/W  (5) 

where  W  is  the  weight  in  grams  of  the  electrode  material  in  the 
electrode  layer,  and  Q  is  the  electrode  capacitance  (anode  or 
cathode).  Note  that  this  specific  capacitance  is  the  intrinsic  capac¬ 
itance  of  the  material.  A  higher  specific  capacitance  does  not 
necessarily  mean  that  this  material  will  be  a  better  supercapacitor 
electrode  material,  because  electrode  capacitance  is  also  strongly 
dependent  on  the  electrode  layer  structure,  the  electron  and  ion 
transfers  within  the  layer  [1], 

If  the  charge  (Q)  in  Eq.  (5)  accumulated  inside  the  electrode  layer 
is  calculated  using  the  area  under  the  cyclic  voltammogram  in 
either  direction  in  a  potential  window  from  £ \  to  E2,  the  capaci¬ 
tance,  Q  (^positive  or  negative  capacitance),  of  this  electrode  layer 
can  be  measured  by  Eq.  (6)  [1  ]: 

Q  =  |Q/(£2  -  Ei) |  (6) 

In  addition  to  cyclic  voltammetry,  electrochemical  impedance 
spectroscopy  (EIS)  is  also  a  functional  tool  for  determining  the 
capacitance  of  ES  materials  [1],  The  most  popular  way  to  run  EIS 
measurements  is  collecting  the  ES  impedance  data  at  the  open- 
circuit  potential  by  applying  a  small  amplitude  of  alternative 
interrupting  potential  (e.g.,  ±5  to  ±10  mV)  over  a  wide  range  of 
frequency  /  (e.g.,  1  mHz-1  MHz).  It  can  provide  the  relationship 
between  the  imaginary  part  of  impedance  |Z|  and/.  The  capacitance 
can  be  calculated  using  C  =  l/(27t/Z|)  using  a  linear  portion  of  a 
log  |Z|  vs.  log  /  curve,  which  is  called  the  Bode  plot.  This  Bode  plot 
shows  that  the  capacitance  decreases  with  increasing  frequency, 
and  at  the  high  frequency  region  the  supercapacitors  behave  like  a 
pure  resistance,  indicating  that  the  electrolyte  ions  probably  cannot 
penetrate  into  micropores  under  high  frequencies.  The  EIS  can  also 
be  expressed  as  a  Nyquist  diagram,  where  the  imaginary  part  of 
impedance,  Z(/)",  is  plotted  against  the  real  part  of  impedance,  Z(/)' 
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[7],  From  the  Nyquist  plot,  a  charge  transfer  resistance  can  be  ob¬ 
tained  from  the  diameter  of  the  semicircle  on  this  plot.  At  high 
frequency  (larger  than  104  Hz),  the  impedance  implies  the  con¬ 
ductivity  of  both  active  materials  and  electrolyte.  The  high-to- 
medium  frequency  region  (104— 1  Hz)  shows  pseudocharge  trans¬ 
fer  resistance,  which  is  associated  with  the  porous  structure  of  the 
electrodes.  At  low  frequency  ranges  (less  than  1  Hz),  the  impedance 
plot  is  the  characteristic  feature  of  pure  capacitive  behaviour. 
Theoretically,  a  pure  capacitor  should  display  a  parallel  line  to  the 
imaginary  axis  of  the  Nyquist  plot.  In  normal  cases,  the  plot  shows  a 
line  with  the  inclined  angle  between  45°  and  90°  against  the  real 
axis,  corresponding  to  the  ion  diffusion  mechanism  between 
Warburg  diffusion  and  ideal  capacitive  ion  diffusion  (pseudocapa¬ 
citance)  [33],  This  deviation  from  the  parallel  line  may  be  attributed 
to  two  reasons:  one  is  the  different  penetration  depth  of  the 
alternating  current  signal  in  virtue  of  pore  size  distribution  at  both 
electrodes,  leading  to  abnormal  capacitance,  the  other  is  the  redox 
reaction  at  the  electrode,  giving  rise  to  pseudocapacitance  [34], 

In  Fig.  3  [12]  the  impedance  plane  representation  (Nyquist  plot) 
of  an  ideal  capacitor  and  a  simplified  electrochemical  capacitor, 
both  having  the  same  ESR  (equivalent  series  resistance  at  1  kHz), 
are  compared.  While  the  ideal  capacitor  exhibits  a  vertical  line,  the 
supercapacitor  starts  with  a  45°  impedance  line  and  approaching 
an  almost  vertical  line  only  at  low  frequencies.  The  non-vertical 


slope  of  the  low  frequency  impedance  of  any  real  electrochemical 
capacitor  can  be  easily  reproduced  in  any  model  equation  by 
replacing  the  capacitance  expression  with  a  constant  phase 
element  (CPE)  expression.  This  amounts  to  replacing  every  jw  (j  - 
imaginary  unit,  io  —  angular  frequency)  expression  with  (/w)p, 
where  0  <  p  <  1,  and  where  p  =  1  represent  an  ideal  capacitor  with 
no  frequency  dependence.  This  non-ideality  is  a  typical  feature  of 
electrochemical  charging  processes,  and  may  be  interpreted  as 
resulting  from  a  distribution  in  macroscopic  path  lengths  (non- 
uniform  active  layer  thickness)  [25]  or  a  distribution  in  microscopic 
charge  transfer  rates  [26],  adsorption  processes,  or  surface  rough¬ 
ness.  The  45°  region  (Warburg  region)  is  a  consequence  of  the 
distributed  resistance:  capacitance  in  a  porous  electrode.  At  higher 
frequencies  the  resistance  as  well  as  the  capacitance  of  a  porous 
electrode  decreases,  because  only  part  of  the  active  porous  layer  is 
accessible  at  high  frequencies.  The  supercapacitor  may  thus  be 
represented  by  an  ideal  capacitor  with  an  ESR  increased  by  the 
equivalent  distributed  resistance  (EDR). 

2.2.  Supercapacitors  performance  characterization 

Quantifying  the  developed  capacitance  in  ECs  is  basic  for  the 
assessment  of  characteristic  parameters  (i.e.  power  and  energy 
density),  and  to  present  the  knowledge  of  where  tested  materials 


2 -10  A 


Fig.  2.  Principle  of  a  single-cell  double-layer  capacitor  and  illustration  of  the  potential  drop  at  the  electrode:electrolyte  interface  [12], 
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Fig.  3.  Schematic  representation  of  the  Nyquist  impedance  plot  of  an  ideal  capacitor 
(vertical  thin  line)  and  an  electrochemical  capacitor  with  porous  electrodes  (thick  line) 
[121. 


would  suitably  fit  in  terms  of  application.  Trouble-shooting  the 
design  of  materials  or  device  constructions  also  benefits  from  such 
performance  testing.  In  addition  to  the  determination  of  capaci¬ 
tance,  power  and  energy  characteristics,  the  stability  testing  and 
self-discharge  tendency  of  an  electrode  material  for  cycle-life  and 
reliability  is  necessary  to  consider  for  the  commercial  pursuit  of  any 
designed  material  [9], 

Charging  rates,  voltage  ranges,  and  methods  for  calculation  of 
metrics  also  affect  the  reported  results  and  should  closely  match 
currently  established  and  accepted  procedures  used  for  packaged 
cells  of  supercapacitors.  The  primary  performance  metrics  for 
packaged  supercapacitors  include  gravimetric  energy  and  power 
densities,  and  lifecycle  testing  [35],  In  turn,  a  supercapacitor’s  en¬ 
ergy  density  (Wh  kg-1)  is  primarily  determined  by  the  cell’s  elec¬ 
trode  material  and  electrochemical  voltage  window.  With  energy 
density  currently  the  primary  limitation  for  supercapacitors,  the 
most  important  metric  for  an  electrode  material  is  thus  its  specific 
capacitance  (F  g-1).  A  supercapacitor’s  power  scales  with  the 
square  of  voltage  divided  by  its  ESR  [36],  The  measured  ESR  of  a  test 
cell,  as  well  as  that  of  a  full  scale  packaged  capacitor,  is  due  to  all  cell 
components  (leads,  current  collectors,  electrodes,  electrolyte,  and 
separator)  and  therefore  only  a  portion  of  the  measured  resistance 
can  be  attributed  to  the  electrode  material  itself.  Other  metrics, 
such  as  an  electrode  material’s  energy  and  power  density,  also  do 
not  correlate  directly  to  those  of  a  packaged  cell  and  must  include 
information  such  as  package  dimensions  and  the  mass  of  the  other 
cell  components  to  be  meaningful.  Specific  capacitance  is  the 
capacitance  per  unit  mass  for  one  electrode  Eq.  (7); 


(7) 


where  C  is  the  measured  capacitance  for  the  two-electrode  cell  and 
m  is  the  total  mass  of  the  active  material  in  both  electrodes.  The 
multiplier  of  4  adjusts  the  capacitance  of  the  cell  and  the  combined 
mass  of  two  electrodes  to  the  capacitance  and  mass  of  a  single 
electrode.  If  volume  is  more  important  for  the  targeted  application, 
the  electrode  material’s  volume  may  be  substituted  for  mass.  Cell 
capacitance  is  best  determined  from  galvanostatic  or  constant 
current  (CC)  discharge  curves  using  Eq.  (8)  with  I  the  discharge 
current  and 

C  =  I/(dV/dt)  (8) 

dV/dt  calculated  from  the  slope  of  the  CC  discharge  curve.  Gal¬ 
vanostatic  discharge  is  the  accepted  measurement  method  for 
determining  capacitance  for  packaged  supercapacitors  in  the 
supercapacitor  industry  and  correlates  more  closely  to  how  a  load  is 
typically  applied  to  a  supercapacitor  in  the  majority  of  applications. 
The  same  voltage  range  should  be  used  for  testing  should  match 
that  used  for  commercial  cells  and  should  reflect  the  electrolyte’s 
electrochemical  window  from  0  V  to  approximately  1 V  for  aqueous 
electrolytes  and  from  0  V  to  2.5— 2.7  V  for  organic  electrolytes  [36]. 
Maximum  voltages  for  hybrid  cells  will  depend  upon  electrode 
materials  and  electrolytes.  The  initial  portion  of  a  discharge  curve 
exhibits  an  IR  drop  due  to  internal  resistance  and  the  rest  of  the 
curve  will  typically  be  linear  for  non-faradic  materials.  Super- 
capacitive  and  hybrid  systems  can  exhibit  large  deviations  in  line¬ 
arity  based  upon  varying  capacitance  with  voltage.  Fig.  4  [37] 
illustrates  CC  charge-discharge  curves  (100  mA  g  ')  of  an  asym¬ 
metric  manganese  oxide/activated  carbon  ultracapacitor  in 
2  mol  L-1  KNO3  electrolyte  cycled  at  different  maximum  cell  volt¬ 
ages.  When  the  maximum  voltage  is  at  2.2  V,  the  CC  curve  is  no 
longer  symmetric  indicating  noncapacitive  behaviour.  Therefore,  in 
order  to  find  the  optimal  cell  voltage,  the  coulombic  efficiency  (t;) 
was  calculated  as: 

V  =  Qd/Qc  (9) 

where  qa  and  qc  are  the  total  amount  of  discharge  and  charge  of  the 
capacitor  obtained  from  the  galvanostatic  experiments  presented 
in  Fig.  4. 

Fig.  5  [37]  demonstrates,  for  the  same  cell,  the  coulombic  effi¬ 
ciency  and  specific  capacitance  (F  g^1)  vs.  maximum  voltage.  While 
the  specific  capacitance  continues  to  increase  with  increasing 
voltage  range,  the  coulombic  efficiency  decreases  dramatically 
when  cycled  above  2  V.  Driving  a  cell  above  its  true  maximum 
operating  voltage  can  lead  to  an  overestimation  of  specific  capaci¬ 
tance  and  cells  operated  at  these  levels  will  have  shortened 


t/s 


Fig.  4.  CC  charge-discharge  curves  (100  mA  g  ')  of  an  asymmetric  manganese  oxide/ 
activated  carbon  ultracapacitor  in  2  mol  L_1  KN03  electrolyte  [37], 


C^Fg-1)  =  4xC/m 
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lifetimes  and  poor  efficiencies  due  to  the  non-reversible  reactions 
within  the  cell.  Significant  errors  can  also  be  introduced  by  the 
method  used  to  calculate  the  slope  (dV/dt).  As  stated  previously, 
capacitance  varies  with  voltage,  especially  for  hybrid  and  super- 
capacitive  cells,  and  it  is  important  to  calculate  capacitance  using 
the  typical  operating  voltage  range  for  the  application  that  the 
device  will  be  used.  Most  supercapacitors  will  be  operated  in  the 
range  of  Vmax  to  approximately  ViVmax  and  the  recommended 
method  is  to  use  two  data  points  from  the  discharge  curve  with  dV/ 
dt  =  (Umax  -  V2VmaK)l(T2  -  Ti).  Including  the  lower  half  of  the 
voltage  range  in  the  calculations  can  distort  the  apparent  capaci¬ 
tance  above  that  which  is  practically  realizable  for  an  actual 
application  [36], 

Very  low  rates  of  discharge  also  lead  to  large  errors,  especially 
when  coupled  with  small  electrode  masses,  with  the  current  from 
cell  leakage,  capacitance  from  other  cell  components,  and  faradic 
reactions  contributing  an  increasing  percentage  of  the  signal  as 
discharge  rate  and  electrode  mass  are  decreased.  Charge  and 
discharge  rates  should  be  specified  in  units  of  current  per  electrode 
mass  with  the  duration  of  charge  and  discharge  corresponding  to 
typical  supercapacitor  applications.  Current  should  be  adjusted  to 
provide  charge  and  discharge  times  of  approximately  5-60  s.  For 
example,  a  test  cell  with  two  10  mg  electrodes  composed  of 
100  F  g-1  specific  capacitance  material  will  have  a  capacitance  of 
0.5  F.  With  a  discharge  current  of  40  mA,  corresponding  to  a 
discharge  density  of  4  A  g _1,  discharge  time  from  2.7  to  0  V  will  be 
approximately  34  s  [36], 

Fig.  6  [37]  presents  the  Nyquist  plots  for  the  three  kinds  of  ca¬ 
pacitors.  The  equivalent  series  resistance  (ESR)  can  be  extracted 
from  the  high  frequency  (10  kHz)  part  of  the  curves.  As  it  could  be 
expected,  the  ESR  of  the  symmetric  manganese  oxide  (MnCh) 
capacitor  is  higher  than  the  ESR  obtained  for  the  symmetric  acti¬ 
vated  carbon  (AC)  capacitor,  due  to  the  differences  in  conductivity 
of  the  two-electrode  materials.  However,  when  an  asymmetric 
system  is  built  by  combining  the  two  materials,  the  ESR  is  close  to 
the  value  for  activated  carbon  one.  Fig.  6  also  shows  that  at  low 
frequency,  the  imaginary  part  of  the  impedance  curves  approaches, 
in  all  cases,  to  a  vertical  line  indicating  a  capacitive  behaviour. 
Table  2  [37]  summarises  the  data  obtained  from  the  impedance 
spectroscopy  experiments  presented  in  Fig.  6,  such  as  the  resistance 
(ESR)  and  the  time  constant  (td),  together  with  the  data  given  by 
cyclic  voltammetry  performed  on  the  same  cells,  such  as  the 
maximum  cell  voltage  (Vmax)  and  the  specific  capacitance  (Cs).  In 


voltage  [37], 


vated  carbon/activated  carbon  capacitors  and  of  the  asymmetric  manganese  oxide/ 
activated  carbon  capacitor.  Electrolyte  2  mol  L  1  KN03  in  water  [37], 


addition,  the  specific  energy  (E)  was  calculated  by  using  Eq.  (3) 
and  the  maximum  specific  power  (Pmax)  was  calculated  according 
to  Eq.  (7); 

Pmax  =  VLx/4ESR  X  m  (10) 

where  m  is  the  total  mass  of  both  electrodes  (including  binder  and 
conductivity  agent).  After  analysing  all  the  data  contained  in  Table  2 
[37],  it  is  possible  to  conclude  that  the  performance  of  the  hybrid 
capacitor  is  much  better  than  for  any  of  the  symmetric  systems.  In 
particular,  the  specific  energy,  which  can  be  extracted  from  the 
asymmetric  manganese  oxide/activated  carbon  capacitor,  is  5—10 
times  higher  than  for  a  symmetric  system  working  in  the  same 
aqueous  medium. 

2.3.  Supercapacitor  types  and  their  electrode  materials 

Supercapacitors  can  be  made  from  different  materials, 
depending  on  the  type  of  energy  storage  required  by  the  applica¬ 
tion  at  hand  and  the  required  capacitance  ranges.  The  electrode 
materials  for  supercapacitors  can  be  classified  into  three  types 
based  on  their  usage  for  EDLCs,  pseudocapacitors,  and  hybrid 
supercapacitors  (Table  3)  [38],  A  major  number  of  materials  are 
currently  available  for  supercapacitors;  the  significant  commercial 
material  is  carbon,  which  is  extensively  used  and  can  be  converted 
into  many  forms.  Other  materials  include  metal  oxides  such  as 
ruthenium,  manganese  nickel,  cobalt,  and  iron.  Conducting 


Table  2 

Comparative  performance  obtained  from  impedance  spectroscopy  and  cyclic  vol¬ 
tammetry  experiments  on  the  symmetric  manganese  oxide/manganese  oxide  and 
activated  carbon/activated  carbon  capacitors  and  on  the  asymmetric  manganese 
oxide/activated  carbon  capacitor  [37], 

Electrode  ESR  at  td(s)  Vmax  Cs(Fg  ')  E  Pmax(kW) 

material  (±)  10  Hz  (SI)  (V)  (Whkg-1) 

AC/AC  0.44  0.34  0.7  180  3.6  51 

Mn02/Mn02  1.56  0.81  0.6  160  1.9  3.8 

Mn02/AC  0.54  0.26  2  140  21.0  123 
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polymers  have  also  been  employed  in  supercapacitors.  Super¬ 
capacitors  are  gradually  more  based  on  carbon  nanotubes  (CNTs). 
The  use  of  CNTs  and  other  nanomaterials  allows  for  an  important 
and  major  increase  in  surface  area,  among  other  advantages.  The 
other  types  of  generally  used  supercapacitor  materials  are  com¬ 
posites  obtained  by  combining  two  or  more  component  materials. 
The  composites  can  include  a  nanomaterial.  For  example,  CNTs 
with  metal  oxides  or  conducting  polymers  formed  as  a  composite. 
For  the  supercapacitor  electrodes,  there  is  an  interest  in  nano- 
structured  materials  that  have  improved  capacitive  performance 
characteristics  and  increased  surface  area.  The  synthesis  of  nano- 
engineered  materials  is  now  recognized  as  a  main  factor  in  devel¬ 
oping  high  performance  supercapacitor  devices  [6,7,38], 

2.4.  Comparison  of  electrochemical  capacitors  (ECs)  and  batteries 

Since  ECs  store  electrical  charge  only  at  the  electrode  surface, 
rather  than  within  the  entire  electrode,  they  tend  to  have  lower 
energy  densities  compared  to  batteries.  The  charge— discharge  re¬ 
action  is  not  limited  by  ionic  conduction  into  the  electrode  bulk, 
therefore  ECs  can  be  run  at  high  rates  and  provide  high  specific 
power.  In  addition,  most  of  the  EC  materials  do  not  participate  in 
redox  reactions,  so  there  is  little  deterioration  in  the  electrode, 
which  has  good  cycle  characteristics,  and  maintenance  is  unnec¬ 
essary.  Due  to  such  differences,  the  corresponding  electrochemical 
behaviour  is  also  different.  It  was  reported  that  the  energy  density 
of  EC  is  10  times  higher  than  electrostatic  capacitor  [3];  in  addition, 
EC  has  the  advantages  of  high  power  density,  short  charge- 
discharge  time,  high  charge— discharge  efficiency,  long  cycle  life, 
wide  range  of  operating  temperatures,  environmental  friendliness, 
and  safety  compared  with  battery  [1,3,6]. 

2.5.  Challenges  for  supercapacitors 

Although  supercapacitors  have  many  advantages  over  batteries 
and  fuel  cells,  they  also  face  some  challenges  at  the  current  stage  of 
technology  such  as  (1)  low  energy  density,  (2)  high  cost,  (3)  high 
self-discharging  rate,  and  (4)  industrial  standards  for  commercial¬ 
ization  [1],  Although  this  kind  of  supercapacitor  is  commercially 
available,  it  is  necessary  to  establish  some  general  industrial  stan¬ 
dards  such  as  performance,  electrode  structure,  electrode  layer 
thickness  and  porosity  and  so  on.  Due  to  the  variety  of  applications 
as  well  as  limited  commercial  products.  It  has  not  still  been  able  to 
search  out  generally  available  industrial  standards  for  ES  at  this 
moment  [1],  Therefore,  it  is  necessary  to  put  some  effort  on  ES 
standard  establishment  for  different  applications. 

In  some  ways  similar  to  the  challenges  faced  by  portable  elec¬ 
tronic  devices,  hybrid  electric  vehicles  (HEVs)  require  a  high  power 
energy  source.  While  oversized  battery  systems  have  been  used  to 
meet  the  power  demands,  difficulties  arise  in  managing  the 
generated  heat  resulting  from  exothermic  reactions  and 


Classification  of  supercapacitor  types  and  their  electrode  materials  [28], 
Supercapacitors  Electrode  materials 

Electric  double  layer  capacitors  •  Carbon  aerogels 

•  Activated  carbon 

•  Carbon  fibers 

•  Carbon  nanotubes 

Pseudocapacitors  •  Metal  oxides 

•  Conducting  polymers 

Hybrid  capacitors  •  Carbon  materials,  conducting  polymers 

o  Asymmetric  •  Carbon  materials,  metal  oxides 

o  Composite 
o  Battery-type 


resistances,  as  well  as  having  to  adopt  a  predictable  low  cycle  life. 
By  reducing  the  size  of  the  battery  and/or  the  major  energy  sup¬ 
plier,  ECs  can  also  efficiently  help  meet  the  irregular  stop-and-go 
power  require  intervals  of  FIEVs  in  urban  settings.  Serving  to  cap¬ 
ture  the  break  energy  from  these  intervals,  their  fast  recharge  pe¬ 
riods  and  high  cycle  efficiency  ( >95%)  are  well  suited  to  develop  the 
fuel  efficiency  of  HEVs.  A  review  [13]  supported  EC  use  in  HEVs  by 
comparing  current  high  power  lithium  ion  batteries  and  ECs  to 
estimate  the  relevant  energies  captured  and  available  for  imme¬ 
diate  use.  Contrary  to  the  conventional  perspective,  in  a  charge 
time  of  10  s  or  less  the  ECs  possess  roughly  twice  the  energy  density 
compared  with  high  power  batteries,  and  do  not  have  need  for  a 
heat  management  system  with  high  rate  cycling.  Other  transport 
systems  that  stand  to  gain  in  energy  efficiency  through  EC  incor¬ 
poration  include  buses,  trams,  and  trains. 

The  valuable  contributions  made  by  ECs  are  becoming  increas¬ 
ingly  apparent  as  society  and  technology  trends  continue  to  focus 
on  employing  alternative  and  ecologically  mindful  energy  genera¬ 
tion  and  storage  systems.  In  particular,  with  industry  and  govern¬ 
ment  regulations  continuing  to  press  for  green  energy  and  product 
solutions,  ECs  have  an  advantage  over  batteries  with  respect  to  a 
longer  life-span  and  material  recyclability.  Despite  this,  challenges 
related  to  their  low  energy  density  and  high  costs  deter  consumer 
investment  and  inhibit  their  market  strength.  Two  concurrent 
strategies  to  employ  this  problem  have  focused  on  developing  ionic 
liquid  electrolytes  as  a  safe,  stable  option  with  a  broad  operating 
voltage  (>3  V)  and  advancing  electrode  materials  to  enhance 
capacitive  charge  storage.  The  latter,  in  particular,  has  capable  de¬ 
velopments  ranging  from  the  appreciation  of  sub-nanopores  for 
modelling  to  the  enhanced  performances  resulting  from  nano¬ 
composite  electrodes  and  hybrid  system  designs  [9]. 

A  force  in  research  to  optimise  both  hybrid  materials  EDLC  and 
supercapacitance  systems  is  expected  to  make  success  in 
combining  rapid  capacitive  charging  with  high  energy  density. 
Progressive  exploration  towards  the  combination  of  carbon  with 
redox  materials  (metals  oxides)  to  develop  and  increase  capacitive 
ability  appears  beneficial;  however  understanding  the  main  effects 
of  pore  size  distribution  together  with  stability  and  effective  ma¬ 
terial  usage  remain  necessary  and  production  methods  remain 
equally  significant  for  any  practical  purpose,  where  a  simple,  direct 
procedure  is  required  for  commercial  translation. 

2.6.  Application  of  supercapacitors  and  future  works 

As  a  developing  technology  for  energy  storage,  ECs  are  still 
achievement  recognition  for  their  use,  and  continue  to  broaden 
their  application  towards  new  fields.  Historically  used  as  simple 
devices  for  memory  actuator  and  back-up  applications  [12],  the 
improvements  made  in  electrode  materials  to  enhance  high  EDLC 
and  supercapacitance  and  the  potential  they  propose  in  asym¬ 
metric  and  hybrid  designs  have  been  comparatively  recent  since 
their  commercialisation.  At  present,  commercial  capacitors 
continue  to  represent  the  benefits  ECs  have  in  providing  high- 
power  energy  storage  and  long  life. 

A  number  of  applications  for  which  ECs  are  currently  employed 
make  use  of  their  high  pulse  power  to  supply  energy  in  very  short 
time  periods  (ms-s).  Serving  as  a  power  source  to  keep  against 
power  disturbances  or  propose  low  energy  for  extended  periods  of 
time,  they  have  been  incorporated  into  products  ranging  from 
cameras,  computers,  and  mobile  phones  to  energy  generator  sys¬ 
tems  used  in  avoiding  costly  system  shut  downs  and  production 
loss.  The  benefits  to  support  their  use  over  secondary-batteries  are 
validated  by  faster  charge  times  and  a  considerably  longer  cycle  life 
that  endures  a  negligible  loss  in  performance  with  time.  The  iso¬ 
lated  usage  of  ECs  in  domestic  electronics  has  also  been  exposed 
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successful  with  marketed  power  tools  that  aim  the  average  home- 
owner.  These  are  designed  for  an  expected  infrequent  and  short- 
period  use  that  is  well  addressed  by  ECs  in  having  a  90  s  recharge 
time  and  seemingly  unlimited  cycle-life.  The  dependability  of  EC 
technology  has  also  been  supported  by  their  use  in  the  emergency 
doors  of  the  Airbus  A380  and  electromechanical  actuators  for  en¬ 
gine  ignition,  placing  them  to  occupy  critical  operations.  Systems 
that  integrate  both  ECs  and  batteries  for  synchronous  use  in  a 
hybrid  design  complement  these  two  energy  devices  by  developing 
their  effective  strengths.  Portable  energy  systems  can  promote 
from  this  design  by  reducing  the  battery  size  to  address  small 
average  load  demands,  while  short  infrequent  high  power  pulses 
are  met  by  the  EC.  Additionally,  reducing  the  average  energy  de¬ 
mands  can  conversely  raise  the  life  span  of  the  battery.  Such  sys¬ 
tems  aid  producers  of  portable  electronics  and  mobile 
telecommunications  in  their  quest  to  frequently  miniaturise  their 
products  [39], 

Nowadays,  industrial  and  commercial  ECs  are  accessible  from  a 
number  of  countries,  such  as  Japan  and  Russia,  USA,  and  most  of 
capacitors  are  EDLCs.  Powerstor,  Maxwell,  Evans  and  Los  Alamos 
National  Lab  in  USA  had  done  large  quantity  work  of  ECs.  The 
products  which  produced  by  NEC  Tokin  and  Panasonic  company 
(Japan)  occupy  a  large  market  share  ECs  fields;  the  Eocnd  company 
of  Russia  has  considered  the  ECs  for  30  years,  which  characterizes 
the  highly  developed  level  of  Russia  in  capacitors’  fields.  In  addi¬ 
tion,  other  important  companies  occupied  in  increase  of  ECs  are 
SAFT  in  France,  Cap-xx  NESS  [40]  in  South  Korea  and  in  Australia. 
The  ECs  used  in  electric  vehicles  have  been  listed  to  advance  plan  in 
Tenth  Five  years  Plan.  Industrial  and  commercial  companies  such  as 
EPCOS  [41],  Maxwell  [42],  and  Panasonic  [43]  presently  manufac¬ 
ture  the  common  of  their  electrochemical  supercapacitors  using 
symmetric  activated  carbon  electrode  materials  and  an  acetonitrile 
electrolyte.  The  performance  characteristics  of  several  commercial 
ECs  are  manufactured  by  the  past  noted  companies  and  others. 
Current  markets  address  a  large  majority  of  their  energy  demands 
for  portable  applications  with  batteries  as  a  result  of  their  large 
energy  densities  in  contrast  to  their  light  weight  and  small  volume. 
Unbeneficial  in  allowing  ECs  to  mirror  a  similar  market  power,  their 
low  energy  density  largely  confines  them  to  applications  requiring 
short  peak  power  pulses.  Efforts  in  industry  and  academic  research 
alike  are  devoting  important  attention  to  the  enlargement  of  novel 
materials  and  electrolytes  to  attempt  this  shortcoming,  which 
together  with  the  current  costs  of  these  devices  are  the  chief  in¬ 
hibitors  of  ECs  in  broadening  their  combination  in  current  electrical 
systems. 

By  meeting  performance  objectives,  future  ECs  is  expected  to 
realize  energy  densities  that  advance  that  of  current  batteries  with 
an  insignificant  loss  to  their  power  density.  In  addition,  a  devel¬ 
opment  in  the  energy  storage  would  help  improve  market  appli¬ 
cation,  and  give  a  cost  saving  according  to  the  reduction  in 
necessary  materials  for  device  fabrication.  The  assessable  success  of 
these  efforts  will  have  a  major  impact  on  the  future  request  of  these 
high  power  energy  storage  devices,  and  their  contribution  toward 
developing  the  energy  efficiency  and  life  span  of  their  adapted 
systems. 

3.  Microwave 

Since  World  War  II,  there  have  been  major  developments  in  the 
use  of  microwaves  for  heating  applications.  After  this  time  it  was 
recognized  that  microwaves  had  the  potential  to  offer  rapid, 
energy-efficient  heating  of  materials.  Microwave  applications  in 
mining  and  process  metallurgy  have  been  the  subject  of  many 
research  studies  over  the  past  two  decades.  The  major  applications 
of  microwave  heating,  today  include  food  processing,  wood  drying, 


plastic  and  rubber  treating  as  well  as  curing  and  preheating  of  ce¬ 
ramics  [14,16,44],  As  a  simple,  quick,  inexpensive,  uniform  and 
energy  efficient  heating  method,  microwave  irradiation  has  been 
widely  used  in  the  industry  and  academia  to  synthesize  such  ma¬ 
terials  as  porous  materials  [45],  inorganic  complex  [46],  nano¬ 
crystalline  particles  [47]  and  organic  compounds  [48],  The 
application  of  microwave  energy  to  the  processing  of  various  ma¬ 
terials  such  as  metals,  composites,  and  ceramics  presents  several 
advantages  over  conventional  heating  methods.  These  advantages 
include  unique  microstructure  and  properties,  enhanced  product 
yield,  energy  savings,  reduction  in  manufacturing  cost  and  syn¬ 
thesis  of  new  materials  [44],  Microwave  heating  is  fundamentally 
different  from  the  conventional  one  in  which  thermal  energy  is 
delivered  to  the  surface  of  material  by  radiant  and/or  convection 
heating  that  is  transferred  to  the  bulk  of  material  via  conduction.  In 
contrast,  microwave  energy  is  delivered  directly  to  the  material 
through  molecular  interaction  with  the  electromagnetic  field.  Mi¬ 
crowave  heating  is  the  transfer  of  electromagnetic  energy  to  ther¬ 
mal  energy  and  is  energy  conversion  rather  than  heat  transfer. 
Since  microwaves  can  go  through  the  material  and  provide  energy, 
heat  can  be  generated  throughout  the  volume  of  the  material 
resulting  in  volumetric  heating.  Hence,  it  is  possible  to  realize  fast, 
quick  and  uniform  heating  of  thick  materials.  Therefore,  the  ther¬ 
mal  gradient  in  the  microwave-processed  material  is  the  reverse  of 
that  in  the  material  processed  by  conventional  heating.  In  con¬ 
ventional  heating,  slow  heating  rates  are  selected  to  reduce  steep 
thermal  gradient  leading  to  process-induced  stresses.  Thus,  there  is 
a  balance  between  product  quality  and  processing  time.  During 
microwave  processing,  the  potential  survives  to  reduce  processing 
time  and  improve  product  quality  as  microwaves  can  transfer  en¬ 
ergy  throughout  the  whole  volume  of  the  material.  In  this  case, 
energy  transfer  arises  at  a  molecular  level  that  can  have  some  extra 
advantages.  When  microwave  energy  is  in  contact  with  materials 
having  different  dielectric  properties,  it  will  selectively  couple  with 
the  higher  loss  tangent  material.  Hence,  microwaves  can  be  used 
for  the  selective  heating  of  the  materials  [44],  Universally,  the 
microwave-assisted  hydrothermal  synthesis  (MAHS)  method  is  a 
homogeneous  heating  process  and  constructs  the  possibilities  in 
obtaining  new  and  modified  forms  of  materials  through  the  direct 
energy  transfer  from  the  water  molecules  to  the  precursors  in 
comparing  with  conventional  hydrothermal  synthesis.  The  advan¬ 
tages  of  microwave-assisted  hydrothermal  process  over  conven¬ 
tional  hydrothermal  method  are  (a)  extremely  rapid  kinetics  of 
crystallization,  (b)  very  rapid  heating  to  the  required  temperature 
and  (c)  possible  formation  of  new  meta-stable  phases.  Such  a 
unique  “molecular  heating”  method  has  been  shown  to  supply 
several  merits  in  materials  preparation,  e.g.,  rapid  volumetric 
heating,  high  reaction  rate,  short  reaction  time,  high  reaction 
selectivity,  and  energy  saving.  Microwave-assisted  hydrothermal/ 
solvothermal  methods  have  been  tried  to  fabricate  metal  oxides 
although  they  have  been  extensively  applied  to  organic  synthesis 
[48],  Subsequently,  it  is  still  lack  of  detailed  discussion  on  the 
fabrication  of  metal  oxides  through  such  interesting  methods 
[49,50].  This  review  focuses  on  the  latest  developments  and  the 
current  status  of  research  on  metal  oxides/hydroxides  composite 
electrodes  by  microwave  processing. 

3.1.  Characteristics  of  microwaves  and  dielectric  heating 

Microwaves  are  electromagnetic  radiation,  whose  frequencies 
lie  in  the  range  of  0.3-300  MHz  between  radio  frequencies  and 
infrared  radiation.  Only  narrow  frequency  windows  centred  at 
900  MHz  and  2.54  GHz  are  approved  for  microwave  heating  pur¬ 
poses.  Microwave  energy  is  a  non-ionizing  radiation  that  causes 
molecular  motion  by  migration  of  ions  and  rotation  of  dipoles,  but 


346 


S.  Faraji,  F.N.  Ani  /  Journal  of  Power  Sources  263  (2014)  338—360 


does  not  cause  changes  in  molecular  structure  because  it  corre¬ 
sponds  to  excitation  of  rotational  motion  of  molecules.  An  under¬ 
standing  of  the  microwave  interaction  with  materials  has  been 
mostly  based  on  concepts  of  dielectric  heating  and  of  the  resonance 
absorption  due  to  rotational  excitation  5 1  .  Thus  energy  transfer 
from  microwaves  to  the  material  is  believed  to  occur  either  through 
resonance  or  relaxation,  which  results  in  rapid  heating.  The  accu¬ 
rate  nature  of  microwave  interaction  with  reactants  in  the  synthesis 
of  inorganic  solids  is  somewhat  unclear  yet.  The  fundamental 
theory  underlying  microwave  dielectric  heating  has  been  well 
summarized  in  several  reviews  and  books  [51],  Microwave  fre¬ 
quencies  correspond  to  rotational  excitation  energies  in  materials. 
Hence,  the  incident  microwaves  excite  rotational  modes  in  a  ma¬ 
terial  and  the  energy  absorption  occurs  by  resonance.  The  absorbed 
energy  may  be  completely  dissipated  as  heat  during  de-excitation 
via  internal  mode  coupling.  The  role  of  microwave  irradiation  in 
chemical  reactions  can  be  readily  appreciated  because  the  regime 
of  rotational-vibrational  excitations  is  essential  for  chemical 
reactions. 

Microwave  energy  is  classically  lost  to  the  sample  by  two 
mechanisms  [51]:  dipole  rotation  and  ionic  conduction.  In  many 
practical  applications  of  microwave  heating,  dipole  rotation  and 
ionic  conduction  occur  concurrently.  Dipole  rotation  refers  to  the 
alignment,  due  to  the  electric  filed,  of  molecules  in  the  sample  that 
have  permanent  or  induced  dipole  moments.  Ionic  conduction  is 
the  conductive  migration  of  dissolved  ions  in  the  applied  electro¬ 
magnetic  field. 

3.2.  Interaction  of  microwaves  with  materials 

It  is  known  that  the  interaction  of  dielectric  materials  with 
microwaves  leads  to  what  is  commonly  illustrated  as  dielectric 
heating  due  to  dipole  rotation.  Dielectric  heating  in  microwaves  can 
take  place  either  using  resonance  modes  of  absorption,  or  using 
relaxational  mechanisms  as  a  result  of  phase  lag  between  the 
motion  of  the  polar  species  in  the  material  and  alternating  micro- 
wave  field  [51],  Mingos  and  Baghurst  [52]  have  described  the  fac¬ 
tors  which  play  a  role  in  microwave  heating:  ( 1 )  superheating  in  the 
presence  of  a  large  number  of  ions;  (2)  more  rapid  achievement  of 
the  reaction  temperature  and  (3)  efficient  mixing  and  boundary 
effects.  A  suitable  assess  of  the  heating  effect  which  occurs  in  an 
applied  field  is  tan  8  =  e"/e'  is  the  phase  difference  between  the 
polarization  of  the  material  and  the  electric  field.  In  materials 
where  the  dipoles  rotate  freely,  such  as  in  liquids,  the  rotational 
frequency  of  the  dipole  establishes  the  dissipation  of  energy  from 
the  applied  field.  In  general,  the  dipolar  species  in  any  medium 
possesses  a  characteristic  relaxation  time,  t,  and  the  dielectric 
constant  is,  therefore,  frequency-dependent.  This  is  expressed  by 
representing  the  dielectric  constant  as  a  complex  quantity, 
e*  =  <2  +  i  e",  where  e'  and  e"  are  the  real  and  imaginary  parts  of  the 
dielectric  constant.  The  dielectric  constant  is  a  measure  of  a  sam¬ 
ple’s  ability  to  obstruct  the  microwave  energy  as  it  passes  through, 
and  the  loss  factor  measures  the  sample’s  ability  to  dissipate  that 
energy  [20],  The  word  “loss”  in  the  loss  factor  is  used  to  indicate  the 
amount  of  input  microwave  energy  that  is  lost  to  the  sample  by 
being  dissipated  as  heat.  When  microwave  energy  penetrates  a 
sample,  the  energy  is  absorbed  by  the  sample  at  a  rate  dependent 
upon  its  dissipation  factor. 

Magnetic  polarization  may  also  contribute  to  the  heating  effect 
observed  in  materials  with  magnetic  properties  [20],  The  dielectric 
relaxation  time  is  defined  as  the  time  that  it  takes  for  the  molecules 
in  the  sample  to  achieve  63%  of  their  return  to  disorder.  The  loss 
tangents  of  the  molecules,  which  may  be  related  to  the  ability  of  the 
solvent  to  absorb  energy  in  a  microwave  cavity,  depend  on  the 
relaxation  times  of  the  molecules.  These  relaxation  times  depend 


critically  on  the  nature  of  the  functional  groups  and  the  volume  of 
the  molecule.  It  is  interesting  that  functional  groups  capable  of 
hydrogen  bonding  have  a  particularly  strong  influence  on  the 
relaxation  times  [51],  It  has  been  reported  that  microwave  dielec¬ 
tric  heating  has  the  following  advantages  compared  to  conven¬ 
tional  heating  for  chemical  conversions  [51  ];  (a)  the  introduction  of 
microwave  energy  into  a  chemical  reaction  which  has  at  least  one 
component  which  is  capable  of  coupling  strongly  with  microwaves 
can  lead  to  much  higher  heating  rates  than  those  which  are  ach¬ 
ieved  conventionally;  (b)  there  is  no  direct  contact  between  the 
energy  source  and  the  reacting  chemicals  because  the  microwave 
energy  is  introduced  into  the  chemical  reactor  remotely;  (c)  it  is 
volumetric  and  instantaneous  (or  rapid)  heating  with  no  wall  or 
heat  diffusion  effects;  (d)  it  is  specific  and  selective  heating  because 
chemicals  and  the  containment  materials  for  chemical  reactions  do 
not  interact  similarly  with  the  generally  used  microwave  fre¬ 
quencies  for  dielectric  heating;  (e)  these  selective  interactions 
mean  that  microwave  dielectric  heating  is  an  ideal  method  for 
accelerating  chemical  reactions  under  increased  pressure  condi¬ 
tions  [52], 

3.3.  Microwave  equipments  for  materials  synthesis 

The  typical  microwave  instrument  for  materials  synthesis  is  the 
same  one  used  for  heating  analytical  samples.  It  consists  of  six  main 
components  [52]:  the  microwave  generator  (called  the  magnetron), 
the  waveguide,  the  microwave  cavity,  the  mode  stirrer,  a  circulator, 
and  a  turntable  as  shown  in  Fig.  7  [52],  The  magnetron  is  a  device 
for  generating  fixed  frequency  microwaves,  which  is  principally 
thermionic  diode  with  heated  cathode  acting  as  sources  of  elec¬ 
trons.  From  the  magnetrons  the  microwaves  are  commonly 
directed  toward  a  target  placed  in  microwave  cavities  with  the  use 
of  waveguides,  which  are  usually  made  of  sheet  metal.  Then  it  is 
injected  directly  into  the  microwave  cavity  where  the  mode  stirrer 
homogeneously  distributes  the  incoming  energy  in  various  di¬ 
rections.  The  percentage  of  the  incoming  energy  that  is  absorbed 
depends  upon  the  sample  size  and  dissipation  factor.  Many  mi¬ 
crowave  preparations  reported  in  the  literature  have  all  been  made 
with  the  use  of  domestic  microwave  ovens  operating  at  2.45  GHz 
(this  corresponds  to  a  relaxation  time  of  65  ps)  and  with  a 
maximum  output  power  of  1  kW.  Materials  fall  into  three  cate¬ 
gories,  with  respect  to  their  interaction  with  microwaves  [53];  (a) 


materials  [52], 
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microwave  reflectors  (metals),  which  are  therefore  used  in  making 
waveguides;  (b)  microwave  transmitters  which  are  transparent  to 
microwaves  (low-loss  materials),  typified  by  teflon  and  fused 
quartz;  they  are  therefore  employed  for  containers  for  carrying  out 
synthesis  and  chemical  reactions  in  microwaves;  and  (c)  micro- 
wave  absorbers  (high-loss  materials)  which  constitute  the  most 
important  class  of  materials  for  microwave  synthesis;  they  take  up 
the  energy  from  the  microwave  field  and  get  heated  up  very 
rapidly.  In  microwave  synthesis  of  materials,  the  precursor  solu¬ 
tions  used  are  absorptive  materials  and  the  materials  used  for 
construction  of  the  primary  components  of  microwave  units  are 
reflective  materials,  e.g.,  Teflon  polymer.  Microwave  ovens  for 
research  can  be  designed  for  monitoring  parameters  such  as  tem¬ 
perature  and  pressure  while  heating  a  sample  in  the  microwave. 
For  monitoring  systems,  the  only  limitation  is  that  the  measuring 
probes  must  not  perturb  the  microwave  energy. 

3.4.  Comparison  of  microwave-assisted  supercapacitor  synthesis 
and  other  methods 

There  are  several  different,  important  methods  to  synthesize 
supercapacitor  materials.  They  include  electrochemical  deposition, 
chemical  bath  deposition,  chemical  vapour  deposition,  sol— gel  and 
the  microwave  assisted  method  [38], 

The  most  basic  form  of  electrochemical  deposition  is  the  elec¬ 
trodeposition  method,  in  which  a  coating  or  film  of  material  is 
produced  on  a  surface  by  the  action  of  electric  current.  The  benefits 
of  the  electrodeposition  method  include  mass  production,  low 
capital  investment  costs,  and  precise  control  on  parameters  such  as 
film  thickness,  deposition  rate  and  uniformity  [54—56],  Chemical 
bath  deposition  (CBD)  is  a  low  temperature  technique  that  allows 
for  relatively  inexpensive  deposition  of  material  on  large  area 
substrates.  The  CBD  method  involves  the  direct  deposition  of  a 
material  from  a  solution  medium  without  the  application  of  current 
or  voltage.  CBD  occurs  on  a  substrate  immersed  in  a  solution  by 
means  of  a  reaction  from  the  solution  containing  different  pre¬ 
cursors  dissolved  either  in  ionic  or  molecular  form.  These  react 
chemically  on  the  substrate,  resulting  in  film  formation  by  nucle- 
ation.  Additionally,  the  relatively  low  cost,  large  substrate  area,  and 
low  temperature  processing  of  CBD,  another  advantage  is  its  rela¬ 
tive  simplicity,  particularly  when  compared  to  electrodeposition 
[57],  In  its  simplest  form,  the  chemical  vapour  deposition  (CVD) 
process  is  achieved  by  exposing  a  substrate  to  appropriate  pre¬ 
cursors  (typically  gas  molecules)  in  the  presence  of  energy  (thermal 
or  plasma)  in  a  reaction  chamber.  The  precursors  undergo  reaction 
and/or  decomposition  on  the  surface  of  the  substrate  and  form  the 
desired  solid  thin  film  or  powder.  Any  volatile  by-products  result¬ 
ing  in  the  process  are  removed  by  flowing  gas  through  the  chamber. 
In  the  context  of  supercapacitor  devices  and  their  fabrication,  the 
CVD  process  is  primarily  used  to  synthesize  carbon  materials, 
including  CNTs  and  nanofibers.  Carbon  film  deposition  by  the  CVD 
process  generally  employs  precursor  molecules  such  as  acetylene, 


ethylene,  carbon  monoxide,  and  methane.  The  CVD  method  has 
been  used  to  synthesize  multi-walled  carbon  nanotubes  (MWCNTs) 
and  has  been  employed  in  flexible  supercapacitor  electrodes  [58], 
The  sol-gel  technique  has  been  used  to  synthesize  electrode  ma¬ 
terials  for  supercapacitors.  Sol— gel,  or  solution  gelling,  is  a  method 
used  to  form  solid  thin  films.  In  its  essential  form,  the  sol— gel 
method  is  achieved  by  dip  coating  a  surface  in  a  solution.  Conse¬ 
quently,  polymeric  or  particulate  inorganic  precursors  are 
concentrated  on  a  surface  by  a  complicated  process  involving 
gravitational  draining  with  simultaneous  drying  or  solvent  evapo¬ 
ration  and  continued  condensation  reactions,  finally  resulting  in 
the  formation  of  a  solid  film  [59],  In  a  fundamental  form,  the 
chemical  precipitation  method  involves  the  formation  of  a  solid 
material  from  solution  by  means  of  a  reaction.  A  solid  substance  is 
formed  from  a  solution  by  one  of  two  mechanisms:  by  the  con¬ 
version  of  the  substance  into  an  insoluble  form  or  by  modifying  the 
solvent  composition  to  reduce  the  solubility  of  substance  in  it.  This 
method  has  primarily  been  used  in  supercapacitor  technology  to 
synthesize  electrode  materials  [60]. 

The  microwave-assisted  method  has  been  employed  to  syn¬ 
thesize  electrode  materials  for  supercapacitors  as  an  inexpensive, 
quick  and  versatile  technique  [61-64],  The  microwave- 
hydrothermal  (M-H)  synthesis  has  inherent  advantages,  including 
good  homogeneity,  high  yield,  rapid  volumetric  heating, 
morphology  controllability  and  the  ability  to  produce  narrow  size 
distribution  particles  with  high  purity  but  it  requires  quite  a  long 
time  to  complete  a  reaction  [24,65,66],  Incorporating  rapid  mi¬ 
crowave  heating  into  hydrothermal  processing  possesses  a  good 
potential  for  synthesizing  inorganic  materials,  the  M-H  process  is 
rapid  and  it  improves  the  crystallization  kinetics  of  synthesis  pro¬ 
cess  and  thus  M-H  process  is  energy-efficient  and  economical  [67], 

In  summary,  microwave  mediated  synthesis  method,  due  to 
microwave-induced  accelerated  kinetics,  improved  nucleation  rate, 
and  reduction  in  the  reaction  time,  has  drawn  large  attention  in  the 
synthesis  of  oxide  materials  for  supercapacitors  application  [68], 
The  microwaves  are  non-ionizing  electromagnetic  radiations  with  a 
higher  penetration  depth,  which  leads  to  crystallites/particles  with 
uniform  dimensions  and  higher  purity  due  to  the  absence  of  major 
thermal  gradient  in  the  reaction  medium  [66,68],  Table  4  summa¬ 
rizes  the  different  electrode  synthesis  methods  in  terms  of  advan¬ 
tages,  and  disadvantages  [38], 

4.  Metal  oxides/hydroxides  composite  electrodes  synthesized 
by  microwave-assisted  for  supercapacitors 

Generally,  metal  oxides  can  provide  higher  energy  density  for 
supercapacitors  than  conventional  carbon  materials  and  better 
electrochemical  stability  than  polymer  materials.  They  not  only 
store  energy  like  electrostatic  carbon  material  but  also  exhibit 
electrochemical  faradaic  reactions  between  ions  electrode  and 
material  within  appropriate  potential  windows.  In  this  review  pa¬ 
per,  the  focus  is  on  the  development  of  a  number  of  metal  oxides/ 


Different  electrode  synthesis  methods  (advantages  and  disadvantages)  [28]. 
Synthesis  methods  Advantages 


Disadvantages 


Electrochemical 
deposition  method 
CBD 
CVD 
Sol-gel 

Chemical  precipitation 
Microwave-assisted 


Mass  production;  low  costs;  precise  control  on  film  thickness  and  uniformity  Process  set  up;  current  or  voltage  required 

Simplicity;  low  temperature;  inexpensive;  large-area  substrates  Limited  flexibility;  low  material  yield 

High  material  yield  than  CBD;  good  film  uniformity  Expensive  equipment  and  relatively  high  costs 

Low  costs;  controllable  film  texture,  composition,  homogeneity,  and  structural  properties  Complicated  process 

Allows  synthesis  of  composite  electrode  materials;  efficient;  easily  implemented  May  generate  a  waste  product 

Facile;  fast,  quite;  secure;  controllable;  energy-saving;  decreasing  Quite  long  time  to  complete  a  reaction 

synthesis  time;  an  effective  way  to  control  particle  size  distribution  and 

macroscopic  morphology  in  the  synthesis 
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Fig.  8.  TEM  images  of  20%  Ru02/MWCNTs  [74]. 


hydroxides  including  ruthenium  oxide,  manganese  oxide,  nickel 
oxide,  iron  oxide,  cobalt  oxide,  nickel  hydroxide,  cobalt  hydroxide, 
nickel  cobaltite,  and  etc.  They  have  been  examined  for  suitability  as 
a  supercapacitive  material  via  a  microwave-assisted  technique. 

4.1.  Ruthenium  oxide 

Ruthenium  oxides  (Ru02)  have  many  advantages  due  to  their 
stability,  large-faradaic  activity,  and  ion  adsorption  pseudocapaci¬ 
tance.  Ruthenium-based  supercapacitors,  are  not  commercially 
viable  because  ruthenium  is  a  low-earth  abundant  material  and 
over  100  times  more  expensive  than  manganese  and  nickel  starting 
reagents  [69],  Carbon  nanotubes  (CNTs)  have  mainly  been  attrac¬ 
tive  as  an  electrode  material  for  use  in  a  supercapacitor  due  to  the 
useful  space  within  their  cores  and  between  neigh  boring  tubes, 
and  good  accessibility  to  their  surfaces  [70],  Therefore,  many  of 
studies  have  been  made  by  hybridizing  CNTs  with  Ru02  as  a  com¬ 
posite  for  supercapacitor  applications  to  exploit  the  advantages  of 
these  two  individual  components  [71-73],  Yan  et  al.  [74]  reported 
the  synthesis  of  Ru02/MWCNTs  nanocomposites  through  a  simple, 
efficient  and  one-step  microwave-assisted  method,  in  which  RuCb 
solution  as  precursor  and  NH3-H20  as  precipitator.  During  the 
nanocomposites  forming  process,  the  chlorine  ions  could  be  easily 
removed  because  NH4CI  decomposes  at  high  temperatures  [75], 
The  residual  NH3  -H20  was  also  removed  easily  after  microwave 
treatment.  In  addition,  the  intermediate  product,  Ru(OH)3,  changed 
directly  into  Ru02  nanoparticles  without  extra  annealing.  It  was 
found  that  Ru02  nanoparticles  could  be  attached  to  the  side  walls  of 
MWCNTs.  More  importantly,  some  nanoparticles  seemed  to  fill  into 
the  inner  cavities  of  MWCNTs  under  the  condition  of  microwave- 
assisted.  Ru02  nanoparticles  was  directly  synthesized  and 
attached  onto  MWCNTs  in  the  mixture  with  RuCh  solution  by 


microwave-assisted  irradiation.  Thus,  significant  enhancement  in 
specific  capacitance  of  Ru02/MWCNTs  composites  has  been  pre¬ 
pared  via  microwave  assisted  method.  TEM  results  demonstrate 
that  Ru02  nanoparticles  have  a  narrow  size  distribution  and  are 
located  on  both  inside  and  outside  of  MWCNTs  through  this 
preparation  method  (Fig.  8)  [74],  Cyclic  voltammetry  results  reveal 
that  a  specific  capacitance  of  deposited  Ru02/MWCNTs  electrode  is 
considerably  greater  than  other  electrodes  studied,  mainly  due  to 
the  contribution  of  Ru02  nanoparticles.  The  content  of  Ru02  in 
composite  electrodes  influences  the  capacitance.  The  MWCNTs/40% 
Ru02  composite  electrode  is  493.9  F  g-1  capacitances,  higher  than 
the  MWCNTs/20%  Ru02  composite  electrode  with  232.5  F  g  '.  Total 
resistance  in  MWCNTs,  MWCNTs/20%  Ru02,  and  MWCNTs/40% 
Ru02  are  calculated  to  be  10.8,  9.48  and  7.31,  respectively  [74],  The 
as-prepared  composites  may  have  promising  applications  in  high 
charge  storage  capacity  devices,  and  etc. 

4.2.  Manganese  oxide 

Manganese  oxides  have  different  forms  such  as  Mn02,  Mn2C>3, 
Mn304,  and  MnO,  due  to  their  different  oxidation  states.  Among  the 
above  mentioned  structures,  Mn3C>4  is  one  of  the  most  stable  mixed 
oxides  state  (Mn2+(Mn3+)204)  and  has  the  spinel  structure.  Mn304 
is  widely  used  in  various  fields  such  as  electrode  material  for 
supercapacitor  [76],  anode  material  for  lithium  batteries  [77], 
cathode  material  for  fuel  cells  and  metal-air  batteries  [78],  and  also 
used  as  an  effective  catalyst  for  the  decomposition  of  waste  gas. 
Therefore,  it  acts  as  a  suitable  material  to  control  the  air  pollution 
[79]. 

Crystallized  Manganese  oxide  (Mn02)  several  crystalline  struc¬ 
tures,  including  a-,  (S-,  y-,  and  8-Mn02.  Among  them,  a-,  P-,  and  5- 
Mn02  have  a  tunnel  structure  (2x2  octahedral  units  for  a-Mn02, 
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the  relatively  large  tunnel  structured  phase;  lxl  octahedral  units 
for  P-Mn02,  the  more  compact  and  dense  phase),  and  8-MnC>2  has  a 
relatively  open  layered  structure  (as  presented  in  Fig.  9  by  Birnes- 
site)  [80],  It  is  well  known  that  manganese  oxides  are  considered  as 
one  of  the  most  cost-effective  transition  metal  oxides  for  the  next 
generation  of  supercapacitors,  due  to  their  low  cost,  environmen¬ 
tally  friendly  nature,  functional  in  neutral  aqueous  electrolytes  and 
high  theoretical  specific  capacitance.  Manganese  oxide  is  also 
regarded  as  a  replacement  for  RuC>2  in  a  supercapacitor.  Unfortu¬ 
nately,  the  use  of  MnC>2  usually  produces  a  low  specific  capacitance, 
due  to  its  poor  electrical  conductivity  and  lack  of  accessible  surface 
area  [81],  Mn02  has  been  taken  into  intensive  investigations 
because  of  its  superior  electrochemical  performance  that  depends 
on  various  factors,  such  as  structure,  particle  size,  surface 
morphology,  homogeneity  and  bulk  density.  These  factors  can  in¬ 
fluence  kinetics  of  H+  or  alkali  metal  cations  (C+)  diffusing  process, 
the  adsorbability,  and  utilization  ratio  of  Mn02  [82],  Different 
syntheses  of  Mn02  make  crystal  growth  environments  vary,  and 
thus  leading  to  different  physical  and  chemical  properties,  such  as 
crystallinity,  morphology,  specific  surface  (SS)  area  and  cycling 
stability  [81,83],  A  literature  survey  shows  that  many  routes  or 
techniques  for  preparation  of  Mn02  have  been  developed.  Previous 
approaches  to  the  synthesis  of  MnC^/carbon  included  various 
methods  such  as  physical  mixing  [84],  thermal  decomposition  [85- 
87],  electrodeposition  [55,88,89],  sol— gel  [59,90],  redox  reactions 
[8,84]  and  microwave-assisted  synthesis  [24,91—93],  Most  of  the 
methods  require  extensive  mechanical  mixing,  long  duration,  high 
temperature,  energy-wasting,  etc.  In  recent  years,  microwave- 


Fig.  9.  Manganese  dioxide  structural  transitions  induced  during  material  synthesis 
[80]. 


assisted  synthesis  of  inorganic  materials  has  received  a  great 
attention  as  it  can  shorten  the  reaction  time  from  several  hours  to  a 
few  minutes  with  enormous  energy  savings  [61-64],  Thus,  mi¬ 
crowave  heating  has  been  introduced  to  assist  in  the  synthesis  of 
MnC>2  [94—98],  For  example,  Nyutu  et  al.  [97]  prepared  a-MnCh 
nanofibers  in  mixed  aqueous  and  dimethyl  sulfoxide  solvent  by 
using  microwave  reflux.  This  process  required  about  10  min  to  start 
crystallizing  the  a-Mn02  phase  and  about  90  min  to  fully  crystallize 
the  phase.  Huang  et  al.  [98]  used  a  microwave  hydrothermal 
technique  to  prepare  a-Mn02  nanofibers  at  200  °C  with  a  hold  time 
of  10  s— 30  min.  Meher  and  Rao  [91  ]  demonstrated  better  surface 
properties  like  uniform  surface  morphology,  high  surface  area,  pore 
volume  and  bimodal  pore  size  distribution  of  a-Mn02  samples 
synthesized  under  microwave  assisted  method  as  compared  to 
conventional-reflux  methods.  Ming  et  al.  [24]  reported  the  syn¬ 
thesis  of  Y-MnC>2  nanospheres  by  microwave  hydrothermal 
method  at  75  °C  for  30  min.  A  facile  process  to  synthesize  Mn02 
with  different  crystal  structures  and  morphologies  is  still  a  chal¬ 
lenge  by  microwave-assisted  method.  y-Mn02  nanoparticles  and  a- 
MnC>2  urchin-like  nanostructures  have  been  successfully  synthe¬ 
sized  by  microwave-assisted  reflux  as  short  as  5  min  under  neutral 
and  acidic  conditions,  respectively  [99].  Chen  et  al.  [100]  reported  a 
coupled  microwave-hydrothermal  process  to  crystallize  poly¬ 
morphs  of  MnC>2  such  as  a-,  p-,  and  y-phase  samples  with  plate-, 
rod-,  and  wire-like  shapes,  by  a  controllable  redox  reaction  in 
MnCh— KMnC>4  aqueous  solution  system.  Microwave-assisted 
method  is  facile  but  it  is  easy  to  go  to  thermal  runway  [82],  and 
the  hydrothermal  synthesis  is  beneficial  for  making  smaller  parti¬ 
cles  but  it  requires  quite  a  long  time  to  complete  a  reaction  [101], 
The  process  combines  the  advantages  of  hydrothermal  and 
microwave-assisted  synthesis.  A  literature  survey  reveals  that  few 
reports  about  M-H  synthesis  of  Mn02  as  electrode  materials  can  be 
found.  The  Bir-MnC>2  nanospheres  have  been  synthesized  by  M-H 
method  at  75  °C  for  30  min  under  very  low  pressure.  It  exhibits  a 
large  SS  of  213.6  m2  g-1.  The  electrochemical  test  results  show  that 
the  Cs  is  210  F  g-1  at  200  mA  g-1  in  1.0  M  Na2SC>4  electrolyte.  Cs 
retention  and  coulombic  efficiency  are  over  96%  and  98%,  respec¬ 
tively  after  300  cycles  at  1.6  A  g~\ 

Interestingly,  CNT/MnC>2  composites  that  have  been  prepared  by 
microwave  irradiation,  are  very  suitable  and  promising  electrode 
materials  for  supercapacitors  with  high  power  and  energy  densities 
[93,102],  Aligned  carbon  nanotube  (ACNT)/MnC>2  nanocomposites 
are  fabricated  using  the  reduction  between  potassium  permanga¬ 
nate  and  ACNT  under  microwave  irradiation  as  shown  in  Fig.  10 
[102],  Nanoscale  MnC>2  particles  were  uniformly  deposited  on  the 
surface  of  compressible  spring-like  ACNTs,  which  recover  them¬ 
selves  during  the  charge/discharge  process  to  maintain  good  con¬ 
tact  with  current  collector,  due  to  their  excellent  mechanical 
strength  and  compressibility.  The  morphology  of  ACNTs  presents  a 
stacking  structure  with  a  length  of  5—20  pm  as  presented  in 
Fig.  11(a).  After  Mn02  deposition,  the  stacking  structure  of  ACNTs 
still  keeps  its  morphology  (Fig.  11  (b  and  c)).  The  self-limiting  re¬ 
action  between  permanganate  and  carbon  was  applied  to  deposit 
birnessite  MnC>2  onto  the  surface  of  ACNT  (the  diameter  of  10— 
20  nm,  Fig.  11(d)).  Therefore,  the  advantage  of  this  process  is  that 
thin  MnC>2  film  is  closely  anchored  to  the  surface  of  nanotubes 
(Fig.  11(e)).  For  comparison,  pure  MnCh  with  flower-like  structure 
was  also  prepared  by  hydrothermal  synthesis  method  (Fig.  11(f)). 
The  stacking  structure  of  ACNT  also  improves  the  diffusion  of 
electrolyte  ions  in  the  electrode  and  promises  a  high-rate  electrode 
material  for  supercapacitor  [102],  Therefore,  a  high  specific  capac¬ 
itance  and  good  rate  capability  of  MnC>2  can  be  achieved  [102,103], 
For  CNT—  15%MnC>2  composite,  the  specific  capacitance  based  on 
MnC>2  is  944  (85%  of  the  theoretical  capacitance)  and  522  F  g-1  at  1 
and  500  mV  s-1,  respectively.  When  the  content  of  MnC>2  reaches 
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57  wt.%,  the  composites  have  the  maximum  power  density 
(45.4  kW  kg-1,  the  energy  density  is  25.2  Wh  kg-1)  [93],  Therefore, 
CNT/MnC>2  composites  prepared  by  microwave  irradiation  are 
promising  electrode  materials  in  hybrid  vehicle  systems. 

Consequently,  the  addition  of  CNTs  such  as  single-walled  CNTs 
(SWCNTs)  [104],  multi-walled  CNTs  (MWCNTs)  [103]  into  Mn02  is 
expected  to  not  only  significantly  improve  the  electronic  conduc¬ 
tivity  but  also  provide  better  mechanical  robustness  for  the 


composite.  Double-walled  carbon  nanotubes  (DWCNTs)/5-Mn02 
composites  have  been  synthesized  by  the  reduction  of  potassium 
permanganate  under  microwave  irradiation  [105],  The  mass 
loading  of  Mn02  on  carbon  can  reach  as  high  as  85%,  which  is  the 
highest  content  as  reported  in  literature  [105],  Graphene  based 
materials  coupled  with  transition  metal  oxides  are  promising 
electrodes  in  asymmetric  supercapacitors,  owing  to  their  unique 
properties  which  include  high  surface  area,  good  chemical  stability, 


Fig.  11.  SEM  images  of  ACNT  (a)  and  ACNT/48%-Mn02  (b  and  c).  TEM  image  of  ACNT  (d)  and  ACNT/48%-Mn02  (e).  SEM  image  of  pure  Mn02  exhibiting  flower-like  structure  (f)  [102], 
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Fig.  12.  Electrochemical  results  for  NF-G/Mn02  composite,  (a)  Cyclic  voltammetry  curves  of  NF-G/Mn02  composite  measured  at  different  scan  rates,  (b)  The  galvanostatic  charge- 
discharge  curve  at  different  current  densities,  (c)  The  coulombic  efficiency  of  the  composite  at  a  current  density  of  2.5  A  g"1  (the  inset  to  the  figure  shows  the  continuous  charge- 
discharge  curve)  and  (d)  EIS  plot  of  both  NF-G  and  NF— G/Mn02  [95], 


electrical  conductivity,  abundance,  and  lower  cost  profile  over  time. 
Some  works  on  graphene-Mn02  (GN/MnCh)  composites  have  been 
reported  [100,106,107],  Yang  et  al.  [106]  and  Yan  et  al.  [107]  studied 
supercapacitor  electrodes  based  on  GN/MnCh  composite  materials, 
which  were  synthesized  by  different  methods,  and  observed  good 
electrochemical  performance.  Different  morphologies  of  manga¬ 
nese  dioxide  may  have  a  dramatic  influence  on  capacitance.  Thus,  a 
large  enhancement  of  the  capacitance  may  be  obtained  by  using 
graphene  and  different  morphologies  of  MnCh  composite  mate¬ 
rials.  Chen  et  al.  [100]  reported  a  rapid  and  easy  method  for  pre¬ 
paring  GN/Mn02  composites  as  electrode  materials,  which 
included  adding  MnS04  ■  H20  solution  to  a  well-dispersed  graphene 
liquid  and  then  adding  KMn04  solution;  microwave-assisted  syn¬ 
thesis  was  applied  to  the  mixture  solution  at  75  °C  for  30  min. 
Hierarchy  structure  composites  had  better  contact  with  each  other 
than  single  form  ones.  The  composites  were  prepared  as  super¬ 
capacitor  electrodes,  and  the  experimental  results  showed  that  the 
electrodes  exhibit  good  specific  capacitance  in  1  mol  L_1  [J2SO4  and 
good  cyclic  stability  [100], 

A  composite  material  consisting  of  graphene  oxide  exfoliated 
with  microwave  radiation  (mw  rGO),  and  manganosite  (MnO)  has 
been  synthesized  in  order  to  explore  their  potential  as  an  electrode 
material.  The  best  composite  electrode  containing  90%  MnO-10% 
mw  rGO  (w/w)  exhibits  a  capacitance  of  0.11  F  cm-2  (51.5  F  g_1  by 
mass)  and  excellent  capacity  retention  of  82%  after  15,000  cycles  at 
a  current  density  of  0.5  A  g_1  [63]. 

Spherical  Mn304  nanoparticles  have  been  synthesized  by  mi¬ 
crowave  assisted  reflux  method  at  different  reaction  times  (1,  5, 10, 
15,  and  20  min)  [108],  Liu  et  al.  [65]  has  been  synthesized  crystal¬ 
line  hausmannite  nanocrystals/reduced  graphene  oxide  compos¬ 
ites  (denoted  as  Mn3C>4/RGO)  by  means  of  microwave-assisted 


hydrothermal  synthesis  (MAHS)  route  for  the  application  of  sym¬ 
metric  and  asymmetric  supercapacitors  with  specific  capacitance 
(~193  F  g_1).  The  device  energy  and  power  densities  show 
11.11  Wh  kg'1  and  23.5  kW  kg'1  values,  respectively. 

A  green  chemistry  approach  (hydrothermal  microwave  irradia¬ 
tion)  has  been  used  to  deposit  manganese  oxide  on  nickel  foam- 
graphene  (NF-G).  The  3D  graphene  was  synthesized  using  nickel 
foam  template  by  chemical  vapour  deposition  (CVD)  technique. 
Meanwhile,  the  results  show  that  pseudocapacitance  can  be 
effectively  loaded  onto  the  surface  of  NF— G  via  microwave  irradi¬ 
ation  and  has  the  potential  for  high  performance  supercapacitor 
application.  Electrochemical  results  for  NF-G/MnC>2  composite  are 
shown  in  Fig.  12(a)-(d)  [95],  Fig.  12(a)  presents  the  NF— G/Mn02  CV 
curves  at  different  scan  rates,  showing  a  relatively  rectangular 
shape,  which  is  a  characteristic  of  an  ideal  capacitive  behaviour. 
This  figure  also  indicates  that  the  composite  electrodes  exhibit 
good  electrochemical  reversibility  between  0  and  1  V.  Fig.  12(b) 
illustrates  the  discharge  curve  of  NF-G  at  a  current  density  of 
1  A  g_1.  The  curve  displays  a  non-linear  behaviour,  indicating  a 
pseudocapacitive  effect.  Fig.  12(c)  reveals  that  the  galvanostatic 
cycling  performance  of  the  composite  has  been  established  to  be 
stable,  with  cycle  efficiency  (Coulombic  efficiency)  of  about  80%  for 
1000  charge/discharge  cycles,  which  reveals  the  excellent  stability 
and  performance  of  the  electrode.  The  EIS  (Nyquist)  plot  of  NF— G 
and  NF— G/MnC>2  is  shown  in  Fig.  12(d).  It  is  an  illustration  of  the 
real  and  imaginary  part  of  the  impedance  of  the  electrode  material. 
It  is  worth  stating  that  for  ideal  supercapacitors,  the  Nyquist  plot 
should  be  a  line  perpendicular  to  the  real  axis  at  low  frequency.  The 
Nyquist  plot  of  NF— G/Mn02  shows  that  it  is  much  closer  to  the  ideal 
behaviour  which  might  be  attributed  to  the  low  charge  transfer  of  G 
and  Mn02;  thus  demonstrating  a  better  capacitive  behaviour  [95], 
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4.3.  Iron  oxide 

Iron  (Fe)  is  an  important  earth-abundant  chemical  element.  It 
commonly  exists  as  +2  and  +3  oxidation  states  in  solution.  The 
common  iron— oxygen  compounds  are  Fe2C>3,  FeOOFI,  Fe3C>4  and 
FeO.  Fe-based  compounds  can  be  synthesized  by  controlling  the 
valence  state  of  the  soluble  iron  salts  of  Fe3+  and  Fe2+  ions  in  solid 
or  solution  phases.  For  example.  Mn-based  compounds  of  different 
phases,  structures  and  sizes  have  been  formed  by  controlling  the 
chemical  reactions  of  Mn2+  and  Mn7+  [109],  The  chemical- 
reaction-controlled  synthesis  is  a  promising  and  powerful  route 
to  crystallize  nano/micro  transition  metal  oxide  [110,111],  Iron  ox¬ 
ides  are  potential  electrodes  as  in  lithium-ion  batteries  and 
supercapacitors  owing  to  their  low  cost  and  low  toxicity  [112], 
Various  synthesis  methods  have  been  used  to  grow  iron  oxides 
with  different  structures,  phases,  sizes,  and  their  electrochemical 
performances  have  been  evaluated  as  electrode  material.  The 
microwave-hydrothermal  process  is  potentially  advantageous  for 
the  synthesis  of  iron  oxide.  Herein,  was  port  the  synthesis  of  Fe- 
based  oxide  materials  of  Fe203,  Fe304,  and  FeOOH  by  the 
microwave-hydrothermal  process,  using  short  reaction  times 
(15  min  to  2  h).  Cube-like  Fe203,  FeOOH  nanorods  and  Fe304  par¬ 
ticles  were  crystallized  by  the  controllable  hydrolysis  and  redox 
reactions  of  FeCh  or  FeCh.  The  Fe  based  materials  were  processed 
to  make  anodes  and  cathodes  of  lithium-ion  battery  and  super¬ 
capacitor  to  study  their  potential  electrochemical  applications.  The 
electrochemical  measurement  results  showed  that  FeOOH  had  a 
better  anodic  capacity  as  lithium-ion  battery  than  that  of  either 
Fe203  or  Fe304.  Also  the  microwave-hydrothermally  synthesized 
Fe-based  materials  were  investigated  as  promising  lithium-ion 
battery  anode  and  supercapacitor  materials  [113], 

4.4.  Nickel  oxide/hydroxide 

Nickel  oxide  (NiO)  with  high-specific  surface  area  and  high 
porosity,  is  one  of  the  materials  suitable  for  pseudocapacitor  elec¬ 
trode  applications,  owing  to  its  high  theoretical  specific  capaci¬ 
tance,  low  cost,  high  chemical,  and  thermal  stability  [62],  The 
electrochemical  performance  of  NiO  nanostructures  is  strongly 
influenced  by  its  morphology.  NiO  with  a  high  theoretical  capaci¬ 
tance  value  of  2573  F  g-1,  a  distinct  redox  reaction,  and  a  control¬ 
lable  morphology  has  become  a  popular  pseudocapacitive  material 
for  supercapacitors  [114-116],  NiO,  as  an  electrode  material  for 
supercapacitors,  has  been  reported  in  the  form  of  nanoflakes  [117], 
quasi-nanotubes  [118],  nano/microspheres  [119],  and  nanosheet 
hollow  spheres  [120],  Among  these,  nanoflakes  have  several  ad¬ 
vantages  in  supercapacitor  applications.  Nanoflakes  enhance  the 
diffusion  of  electrolyte  and  provide  more  paths  for  diffusion  of  ions 
leading  to  improvement  in  the  performance  of  the  electrode  [121  ]. 
NiO  nanoflakes  were  synthesized  by  various  methods  such  as 
precipitation  [117],  and  hydrothermal  method  [122],  but  micro- 
wave  assisted  heating  is  an  easy  route  of  obtaining  these  mor¬ 
phologies.  Microwave  heating  increases  the  reaction  kinetics  that 
induce  the  quick  formation  of  nanoflakes  by  oriented  attachment 
[123],  Microwave  chemistry  is  based  on  effective  heating  of  mate¬ 
rial  rather  than  inducing  chemical  reactions  of  electromagnetic 
radiation.  This  heating  mechanism  includes  dipolar  polarization 
and  ionic  conduction  [68].  Obermayer  et  al.  [124]  confirmed  the 
enhancement  of  growth  kinetics  in  microwave  assisted  synthesis  to 
be  purely  due  to  temperature  effect  and  not  due  to  the  influence  of 
electromagnetic  reaction.  There  are  numerous  reports  on  the  syn¬ 
thesis  of  NiO  with  different  nanostructured  configurations  and 
morphologies  via  microwave  method  for  possible  use  in  super¬ 
capacitor  applications.  For  example,  NiO  nanoflowers  synthesized 
by  microwave  method  at  15  min  of  microwave  heating  exhibit 


maximum  specific  capacitance  of  277  F  g-1  at  scan  rate  of 
2.5  mV  s_1  [125],  Cao  et  al.  [126]  reported  maximum  specific 
capacitance  of  770  F  g-1  at  discharge  current  of  2  A  g  1  for  flow¬ 
erlike  NiO  hollow  nanosphere  synthesized,  using  the  gas/liquid 
interface  via  a  microwave  method  at  170  °C  in  3  min  of  microwave 
treatment  and  heat  treatment  of  particles  at  170  °C  for  30  min. 
Meher  et  al.  [127]  reported  the  synthesis  of  porous  ball  like  NiO  by 
nonhydrothermal  microwave-reflux  at  120  °C  for  15  min.  It  was 
reported  to  exhibit  maximum  specific  capacitance  of  420  F  g-1  at 
0.5  A  g^1.  Vijayakumar  et  al.  [128]  reported  a  5  min  synthesis  of  NiO 
nanoflakes  using  the  microwave  method  using  cetyltrimethyl 
ammonium  bromide  (CTAB)  as  a  surfactant.  Time  evolution  study 
has  been  performed,  and  a  possible  mechanism  of  formation  of 
nanoflake  structured  NiO  has  been  proposed  in  a  pictorial  manner. 
The  electrochemical  performance  of  NiO  nanostructures,  prepared 
via  a  microwave-assisted  method  and  calcination  at  300,  400,  and 
500  °C,  as  a  supercapacitor  electrode  material  in  2.0  M  KOH  elec¬ 
trolyte,  has  been  reported  and  discussed.  Behm  et  al.  [62]  synthe¬ 
sized  a  NiO-nanoplate-SWCNT  composite  film  by  employing 
homogeneous  precipitation  method  under  microwave-reflux  and 
conventional-reflux  conditions.  The  aim  was  to  bring  out  the 
physicochemical  and  pseudocapacitive  distinctiveness  of  NiO 
sample  prepared  by  nonhydrothermal  microwave-reflux  method, 
as  compared  to  conventional-reflux  method.  The  composite  was 
tested  and  showed  enhanced  pseudocapacitance  behaviour. 
Further  optimization  of  the  SWCNT  chirality,  metal  percent 
composition,  and  abundance  vs.  NiO  yields  significantly  higher 
capacitances,  power  densities,  and  higher  operating  voltages. 

Due  to  their  small  sizes,  nanoparticles  exhibit  novel  material 
properties  that  are  significantly  different  from  their  bulk  counter¬ 
parts.  Nickel  hydroxide  (Ni(OH)2),  as  one  of  the  most  important 
transition  metal  hydroxides,  has  received  increasing  attention  due 
to  its  extensive  applications  as  an  active  material  in  the  power  tools, 
portable  electronics,  electric  vehicles,  and  positive  electrodes 
[129,130],  There  are  two  polymorphs  of  Ni(OH)2,  which  are  desig¬ 
nated  as  a-Ni(OH)2  and  [i-Ni(OH)2.  The  a-Ni(OH)2  phase  is  rela¬ 
tively  disordered  with  larger  interlayer  spacing  (>7.5  A),  which  can 
place  higher  amounts  of  anions  like  nitrate,  carbonate,  sulphate  as 
well  as  water  molecules.  The  hexagonal  |3-Ni(OH)2  phase  is  brucite- 
like  with  well-oriented  Ni(OH)2  layers  which  are  perfectly  stacked 
along  the  c-axis  with  an  inter  lamellar  distance  of  about  4.60  A 
[131-134],  Owing  to  the  high  tap  density  and  excellent  electro¬ 
chemical  activity,  spherical  p-Ni(OH)2  has  been  used  as  an  active 
material  with  large-scale  production  for  the  contemporary  alkaline 
Ni-based  batteries.  The  performance  of  Ni(OH)2  depends  on  its  size, 
morphology,  and  structural  characteristics  [135-137],  In  recent 
years,  rapid  progress  has  been  made  in  the  preparation  of  Ni(OH)2 
nanoparticles  with  desired  size  and  shape,  as  well  as  the  various 
nanostructures  such  as  nanorods  [138],  nanotubes  [135,136], 
nanosheets  [139—141],  stacks  of  pancakes  [131],  hollow  spheres 
[142,143],  and  carnation-like  structures  [144],  Nickel  oxy- 
hydroxide,  NimOOH,  can  be  prepared  by  oxidation  of  Nin(OH)2 
precursor  without  significant  symmetry  change  (a  =  2.8  A, 
c  =  4.7  A),  but  with  a  broadening  of  the  diffraction  peaks,  as 
revealed  by  XRD  investigations  [145,146],  NiOOH  products  pre¬ 
pared  from  Al-substituted  spherical  a-Ni(OH)2  or  Co  coated 
spherical  |3-Ni(OH)2  precursors  were  reported  elsewhere  [147,148], 
The  different  nickel  hydroxides  and  oxy-hydroxides  crystallo¬ 
graphic  phases  are  described  by  a  layer  type  structure  built  up  of  a 
packing  along  the  c-axis,  of  brucite  type  slabs  made  of  edge-sharing 
Ni06  octahedra  [145,146],  Structural  information  about  a  and  y 
(oxy)hydroxides  have  been  investigated  [145],  The  (II)/(III)  redox 
reaction  can  be  formally  written  as: 

NiII(OH)2  <->  NimO(OH)  +  H+  +  e"  (11) 
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Ni(0H)2  is  cost  effective  and  available  in  various  morphologies, 
making  it  an  attractive  candidate  for  high  performance  super¬ 
capacitors  [149,150],  In  attempts  to  improve  the  electrochemical 
performance  of  Ni(OH)2-based  electrodes,  Ni(OH)2  nanostructures 
have  been  studied,  [130,151  ]  as  well  as  Ni(OH)2— carbon  composites 
involving  high  surface  area  conductive  materials  such  as  activated 
carbon  [152,153],  carbon  nanotubes,  [154,155]  and  graphene  [156— 
159],  These  materials  can  improve  the  conductivity  of  the  com¬ 
posites  and  shorten  the  electron  and  ion  diffusion  pathways  with 
the  aim  of  more  efficient  charge  and  mass  exchange.  Such  nano- 
structured  composites  have  always  been  coated  to  a  metal  current 
collector  to  obtain  a  continuous  conductive  structure,  which  greatly 
decreases  the  overall  gravimetric  specific  capacitance. 

Hierarchical  flowerlike  nickel  hydroxide  decorated  on  graphene 
sheets  was  prepared  by  a  facile  and  cost-effective  microwave- 
assisted  method.  In  order  to  achieve  high  energy  and  power  den¬ 
sities,  a  high-voltage  asymmetric  supercapacitor  was  successfully 
fabricated  using  Ni(OH)2/graphene  and  porous  graphene  as  the 
positive  and  negative  electrodes,  respectively.  Because  of  their 
unique  structure,  both  materials  exhibit  excellent  electrochemical 
performance.  The  optimized  asymmetric  supercapacitor  can  be 
cycled  reversibly  in  the  high-voltage  region  of  0-1.6  V  and  displays 
intriguing  performances  with  a  maximum  specific  capacitance  of 
218.4  F  g-1  and  high  energy  density  of  77.8  Wh  kg-1.  In  addition, 
the  Ni(OH)2/graphene//porous  graphene  supercapacitor  device 
exhibits  excellent  long  cycle  life  along  with  94.3%  specific  capaci¬ 
tance  retained  after  3000  cycles  [160], 

It  was  also  as  reported  a  facile  and  large-scale  production 
strategy  for  the  synthesis  of  the  mesoporous  a-Ni(OH)2  material  via 
the  homogenous  hydrolysis  of  hexamethylenetetramine  and  nickel 
nitrate  in  ethylene  glycol  solution,  assisted  with  microwave  heat¬ 
ing.  The  obtained  a-Ni(OH)2  was  used  as  a  precursor  for  preparing 
nickel  oxides  (NiOx)  through  a  simple  annealing  treatment  at 
250  °C  for  3  h.  NiOx  has  similar  morphology  to  its  precursor  a- 
Ni(OH)2,  which  is  nanoball-like  with  large  surface  area.  It  was 
found  that  an  electrode  based  on  NiOx  in  alkaline  solution  could 
display  excellent  electrochemical  behaviour  with  a  specific  capac¬ 
itance  of  650  F  g1  at  20  mV  s  1  and  still  maintained  92%  of  its 
maximum  specific  capacitance  after  1000  charging— discharging 
cycles  [161]. 

4.5.  Cobalt  oxide/hydroxide 

Among  the  transition  metal  oxides,  cobalt  oxide  has  three  well- 
known  polymorphs;  monoxide  or  cobaltous  oxide  (CoO),  cobaltic 
oxide  (C02O3)  and  cobaltosic  oxide  or  cobalt  cobaltite  (C03O4).  CoO 
is  the  final  product  formed  when  the  cobalt  compound  or  other 
oxides  are  annealed  at  a  sufficiently  high  temperature  (1173  K) 
[  162  ].  Pure  CoO  is  difficult  to  obtain,  since  it  readily  takes  up  oxygen 
even  at  room  temperature  to  reform  to  a  higher  oxide  [163], 
Cobaltic  oxide  (C02O3)  could  be  formed  when  cobalt  compounds 
are  heated  at  a  low  temperature  in  the  presence  of  excess  air.  Some 
authors  have  reported  that  C02O3  exists  only  in  the  hydrated  form 
[164],  C02O3  completely  converted  into  C03O4  at  538  K.  C02O3 
absorbed  oxygen  in  sufficient  quantity  and  transforms  to  a  higher 
oxide  C03O4,  with  no  change  in  the  lattice  structure  [165],  Cobalt 
oxide  is  one  of  the  most  studied  oxides,  due  to  its  appealing  multi¬ 
functional  properties.  Nanostructured  C03O4,  the  most  stable  cobalt 
oxide  with  a  spinel-type  structure  comprising  of  both  Co(II)  and 
Co(III),  is  an  important  p-type  semiconductor  for  many  industrial 
applications  in  the  area  of  secondary  U/O2  cells  as  negative  elec¬ 
trodes  for  Li-ion  batteries  [166]  as  well  as  in  the  field  of  emitters 
[167],  heterogeneous  catalysts  [168,169],  electrochemical  capaci¬ 
tors  for  high  power  devices  in  energy  systems,  electrochromic  de¬ 
vices,  solar  selective  absorbers,  solid-state  sensors  [170],  protective 


layers  or  pigment  for  glasses  and  ceramics  [2],  superhydrophobic 
surfaces  [164],  and  supercapacitors  [171],  On  the  other  hand,  less 
studies  have  been  focused  on  cobalt  monoxide  (CoO)  nano¬ 
structures,  which  are  hard  to  synthesize  because  of  the  special 
requirements  necessary  to  force  cobalt  in  a  low  oxidation  state 
under  common  ambient  conditions  [171],  Cobalt  oxide  is  reported 
to  be  a  promising  electrode  material  for  supercapacitors  because  of 
its  relatively  low  cost,  high  redox  activity,  high  theoretical  specific 
capacitance  ( ~3560  F  g  ')  and  its  great  reversibility  [172],  Among 
the  most  active  transition  metals,  C03O4,  due  to  its  high  surface 
area,  good  redox  and  easily  tuneable  surface,  as  well  as  structural 
properties,  has  been  studied  extensively  for  supercapacitor  appli¬ 
cations  [22,173].  C03O4  is  equally  important  in  heterogeneous 
catalysis  [174,175],  solid  state  sensors  [176,177],  and  magnetic  ma¬ 
terials  [178],  Mainly,  one-dimensional  C03O4  nanowire  is  fasci¬ 
nating  for  its  widespread  applications  due  to  the  reduced  particle 
size  and  higher  surface  area,  thus  generating  larger  active  interfa¬ 
cial  sites  [179],  Consequently,  the  synthesis  of  one-dimensional 
C03O4  nanostructures  by  using  porous  alumina  or  virus  as  tem¬ 
plates  [180],  thermal  conversion  of  cobalt  hydroxide  nano¬ 
structures  using  hydrothermal  route  [181],  electrochemical 
deposition  [182],  and  many  other  methods  [183]  is  widely  studied 
and  explored  for  numerous  applications.  The  use  of  porous  alumina 
or  virus  as  template  is,  quite  intricate  and  costly.  The  use  of  the 
hydrothermal  method  is  widely  accepted  due  to  easily  controllable 
parameters;  however,  the  control  of  the  shape  of  the  nanoscale 
particles  emerging  from  a  hydrothermal  process  is  quite  tricky,  due 
to  the  possibility  of  formation  of  added  secondary  products  [184], 
Therefore,  the  synthesis  of  C03O4  nanowire  using  a  facile  and 
nonhydrothermal  method  is  still  a  reasonable  challenge.  The 
microwave-mediated  synthesis  was  adopted  to  prepare  C03O4  with 
regular  microstructures  [21,173],  Most  of  the  reported  synthesis 
methods  are  hydrothermal-mediated,  where  the  effect  of  the  hy¬ 
drothermal  condition  confines  the  clear  understanding  of  micro- 
wave  effect  on  the  morphology  of  C03O4.  Therefore,  synthesis  of 
C03O4  by  a  nonhydrothermal  microwave  method  has  been  essential 
to  understand  the  effect  of  microwave  on  the  crystallinity, 
morphology,  and  other  properties  of  the  material.  In  this  case, 
Meher  and  Rao  [185]  synthesized  the  C03O4  sample  by  the  con¬ 
ventional  reflux  method,  consisting  of  randomly  distributed  thin 
nanowires,  while  the  microwave  reflux  method  generates  higher¬ 
dimensional  and  arranged  C03O4  nanowires.  The  surface  area  and 
pore  structural  analysis  of  the  C03O4  samples  showed  significant 
difference  in  their  meso-  and  macroporosity,  as  well  as  specific 
surface  area,  due  to  differently  crystallized  products. 

Cobalt  hydroxides,  Co(OH)2  and  Co(OH)2-based  materials  are 
known  as  inexpensive,  nontoxic  and  electrochemically  active  redox 
materials.  They  are  attractive  due  to  their  layered  structure  and 
large  interlayer  spacing,  which  promises  high  surface  area  and  a 
fast  ion  insertion/desertion  rate.  Some  publications  exist  on 
Co(OH)2-based  materials  for  ES  [61,186-188],  For  example,  Kong 
et  al.  [189]  showed  a  pseudocapacitive  behaviour  of  the  Co(OH)2 
nanoflakes.  Hu  et  al.  [190]  showed  that  the  specific  capacitance  of 
sheet-like  Co(OH)2  is  about  416.7  F  g-1.  Gupta  et  al.  [191]  have 
shown  a  high  specific  capacity  of  cobalt  hydroxide  nanomaterial 
deposited  electrochemically  on  a  stainless  steel  electrode.  Zhou 
et  al.  [192]  reported  a  very  high  specific  capacitance  (1084  F  g"1)  of 
mesoporous  Co(OH)2  film  deposited  electrochemically  on  a  tita¬ 
nium  substrate.  Although  a  high  specific  capacitance  was  achieved 
using  electrochemical  methods,  a  poor  yield  of  electroactive  ma¬ 
terial  is  the  main  drawback  of  these  methods.  Therefore,  prepara¬ 
tion  of  Co(OH)2  in  gram  scale,  having  high  specific  capacitance  is  a 
burning  problem  for  researchers. 

Crystalline  C03O4  and  Co(OH)2  have  been  synthesized  using 
Co(N03)2  as  a  precursor  by  conventional-hydrothermal  and 
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microwave-hydrothermal  routes,  respectively.  The  C03O4  phase 
shows  cubic  morphologies  (Fig.  13(a))  while  the  p-Co(OH)2  phase 
exhibits  plate-like  shapes  (Fig.  13(b)).  The  electrochemical  perfor¬ 
mances  of  C03O4  and  Co(OH)2  phases  are  evaluated  as  electrode 
materials  for  lithium-ion  battery  anodes,  cathodes  and  super¬ 
capacitors.  Both  C03O4  and  Co(OH)2  phases  show  pseudocapacitive 
performances  in  Li2SC>4  and  KOH  electrolytes.  The  C03O4  and 
Co(OH)2  phases  are  found  to  be  more  promising  as  anodes  than  as 
cathodes  in  lithium-ion  batteries.  Co(OH)2  electrodes  show  higher 
specific  capacitances  than  those  of  C03O4  materials.  The  capacity  of 
C03O4  anode  for  lithium-ion  battery  is  168.1  mAh  g~\  after  50th 
discharge-charge  cycle.  The  specific  capacitance  of  Co(OH)2 
supercapacitor  in  KOH  electrolyte  is  64  F  g  1  [193], 

4.6.  Tungsten  oxide 

Tungsten  oxides  (WO3)  in  both  crystalline  and  amorphous  forms 
are  widely  studied  as  an  electrode  material  for  sensors  [194]  and 
electrochromic  devices  [195],  Unfortunately,  the  electrochemical 
properties  of  both  amorphous  and  crystalline  WO3  are  not  suitable 
for  the  application  of  ECs  because  of  the  limited  potential  window 
as  well  as  the  relatively  poor  reversibility  of  proton  and  Li  ion 
intercalation/de-intercalation  [  196],  Consequently,  tungsten  oxides 
of  certain  microstructures  should  be  of  pseudocapacitive  behaviour 
[197—200],  One  order  of  magnitude  improvement  in  specific 
capacitance  is  achieved  with  the  present  composition,  from 
54  F  g-1  for  W03  nanoparticles  to  700  F  g-1  for  WO3/CA  composites 
(scanned  at  25  mV  s  1  in  0.5  M  H2S04  over  a  potential  window 
of  -0.3  to  0.5  V)  [  197],  Since  the  potential  window  for  the  reversible 
intercalation/de-intercalation  of  protons  within  tungsten  oxides  is 
in  the  UPD  (under  potential  deposition)  and  OPD  (over  potential 
deposition)  hydrogen  regions  [201],  meanwhile  concentrated 
acidic  solutions  are  suitable  electrolytes  for  the  redox  transitions  of 
tungsten  oxides  [202],  a  tungsten  oxide  anode  and  a  Ru02  cathode 
was  proposed  to  construct  an  asymmetric  EC  with  a  wide  working 
voltage  to  advance  the  energy  density  of  ECs  by  many  chemical 
routes,  such  as  precipitation  method  [203],  electrochemical  depo¬ 
sition  [204]  hydrothermal  synthesis  [205,206]  were  developed  to 
prepare  tungsten  oxides.  Tungsten  oxides  in  both  crystalline  and 
amorphous  forms  prepared  by  these  methods  commonly  show 
unacceptable  performances  for  the  EC  application. 

Hence,  microwave  irradiation  was  considered  as  a  promising 
method.  Huang  et  al.  [195]  synthesized  tungsten  oxide  by  micro- 
wave,  which  was  used  for  the  first  time  as  material  for  super¬ 
capacitor  electrode  with  specific  capacitance  231  F  cm~2.  Chang 
et  al.  [207]  synthesized  tungsten  oxides  by  microwave-assisted 
hydrothermal  (MAH)  process  with  high-rate  capability  for  ECs. 
Jeong  and  Manthiram  [208]  reported  that  Ru02  coated  with  WO3 


shows  good  capacitive  performance  in  both  acidic  and  alkaline 
media  in  2001.  Finally  in  2011,  a  tungsten  oxide  anode  and  a  Ru02 
cathode  were  proposed  to  construct  an  asymmetric  EC  with  a  wide 
working  voltage  to  advance  the  energy  density  of  ECs  [207], 

Crystalline  tungsten  oxide  mixtures,  WO3— W03-0.5H20,  pre¬ 
pared  by  microwave-assisted  hydrothermal  that  shows  capacitive- 
like  behaviour  at  200  mV  s-1  and  specific  capacitance  290  F  g-1  at 
25  mV  s"1  in  0.5  M  H2S04  between  -0.6  and  0.2  V  [49], 

4.7.  Tin  oxide 

Pseudo-capacitive  materials  generally  low  conductivity  and 
pseudocapacitors  solely  based  on  them  cannot  support  fast  elec¬ 
tron  transport  required  at  high  rate.  In  such  hybrid  material  where 
these  pseudo-capacitive  materials  are  decorated  on  the  continuous 
graphene  network.  Highly  conductive  graphene  network  ensures 
fast  electron  transport  through  the  supercapacitor  electrode  and 
improvement  can  be  expected  with  the  introduction  of  pseudo¬ 
capacitance.  For  example,  Niu  et  al.  [70]  synthesized  graphene/tin 
oxide  (G/Sn02)  nano-composite  in  acid  solution,  achieving  higher 
specific  capacitance  compared  to  graphene  and  graphene  oxide. 
Wang  et  al.  [209]  developed  a  novel  one-pot  synthesis  strategy  to 
prepare  both  Sn02/graphene  nanocomposites  and  PtRu/graphene 
with  the  microwave-assisted  polyol  process  for  their  electro¬ 
chemical  performance.  The  synthesis  approach  was  effective  and 
fast,  since  the  microwave  heating  provided  sufficient  heat  needed 
for  the  reaction  within  very  short  time  and  the  reduction  of  gra¬ 
phene  oxide  (GO)  to  graphene  (G)  and  the  conversion  of  Sn02 
nanoparticles  from  SnCl2  precursors  and  the  reduction  of  PtRu 
nanoparticles  from  their  metal  precursors  are  realized  simulta¬ 
neously  in  this  one-pot  approach.  The  specific  capacitance  of  mi¬ 
crowave  Sn02/G  and  G  is  99.7  F  g-1  and  52.7  F  g_1,  respectively.  The 
enhanced  specific  capacitance  of  Sn02/G  electrode  is  related  to  the 
pseudocapacitance  that  originates  from  the  uniformly  distributed 
tin  oxide  nanoparticles  on  graphene  [209], 

The  electrochemical  investigation  for  supercapacitor  and  fuel 
cell  application  indicates  that  the  as-prepared  electrode  materials 
shows  advantageous  performance,  which  could  be  attributed  to  the 
good  dispersion  of  metal  or  metal  oxide  nanoparticles  on  graphene 
and  their  synergetic  interaction  with  grapheme  support. 

4.8.  Zinc  oxide 

Zinc  oxide  (ZnO)  exhibits  excellent  optical  and  electrical  prop¬ 
erties  and  hence  they  have  been  widely  used  in  solar  cells,  gas 
censors  and  short- wavelength  light-emitting  devices  [11],  Also, 
ZnO  is  known  to  be  a  battery  active  material,  having  high  energy 
density  of  650  A  g-1,  received  special  attention  as  electrode 


Fig.  13.  SEM  images  of  as-obtained  Co-based  products,  (a)  Co304  obtain! 
microwave-hydrothermal  treatment  of  Co(N03)2  at  140  °C  for  2  h  [193], 


il-hydrothermal  treatment  of  Co(N03)2  at  200  °C 


(b)  Co(OH)2 
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material  [12],  But  it  has  the  disadvantage  of  formation  of  dendrite 
growth  during  consecutive  cycling,  which  leads  to  decrease  in  cycle 
life.  Because  of  its  good  electrochemical  activity  and  eco-friendly 
nature,  zinc  oxide  can  be  a  promising  electrode  material  for 
supercapacitor  [210,211],  Various  methods  like  ultrasonic  spray 
pyrolysis  (USP)  [212,213],  microwave  assisted  synthesis  [214],  me¬ 
chanical  mixing  [215]  and  green  synthesis  [216]  were  employed  for 
the  preparation  of  ZnO/carbon  composite  electrode  for  achieving 
high  performance  supercapacitor.  These  methods  are  multi-step 
wet  processes  in  which,  carried  over  residual  impurities  might 
affect  electrochemical  properties.  These  electrodes  are  shown  to 
have  limited  improvements  in  the  supercapacitor  performance. 
Hence  it  is  important  to  develop  facile  and  dry  processes  to  modify 
electrodes  that  will  show  better  results  in  the  electrode  perfor¬ 
mance.  Ouldhamadouche  et  al.  [217]  and  Tan  et  al.  [218]  used 
sputtering  technique  for  coating  ZnO  on  vertically  aligned  carbon 
nanotube.  These  composites  were  used  for  photoluminescence 
applications.  For  the  first  time,  Aravinda  et  al.  [219]  reported  a 
binder  free  method  for  the  preparation  of  ZnO/carbon  nanotube 
composite  for  supercapacitor  electrodes,  using  magnetron  sput¬ 
tering  of  ZnO  over  FWNTs.  The  capacitance  of  FWNTs  electrode  is 
significantly  increased  from  33  F  g-1  to  59  F  g-1. 

ZnO/C  composite  has  been  synthesized  by  self-propagating  so¬ 
lution  combustion  method  using  dextrose  as  fuel  and  carbon 
source.  By  this  method,  carbon  is  added  in-situ  to  the  metal  oxide 
and  shows  an  electrochemical  capacitance  of  21.7  F  g-1  [211  ].  Fig.  14 
[211]  reveals  the  SEM  image  of  ZnO/C  composite;  the  particles  are 
agglomerated  and  their  sizes  lie  in  the  range  of  35-85  nm.  While 
nanostructured  ZnO  has  been  prepared  by  a  facile  microwave 
method  and  used  to  prepare  electrodes  by  compositing  with  AC 
[215],  The  FESEM  image  of  the  ZnO  samples  (Fig.  15(a))  indicates  a 
wide  distribution  of  particle  sizes  ranging  from  10  to  200  nm  and 
exhibits  only  irregular  granular  feature.  Fig.  15(b)  illustrates  the 
SEM  image  of  nano  ZnO-AC  carbon  composite.  The  image  clearly 
shows  the  coating  of  the  nanostructured  ZnO  on  to  AC.  This  kind  of 
surface  morphology  is  quite  ideal  for  the  fabrication  of  the  elec¬ 
trode  as  it  would  be  having  high  surface  area  and  expected  to  yield 
a  specific  capacitance  of  160  F  g_1  for  1:1  composition  [215]. 

Considering  the  excellent  properties  of  graphene  and  ZnO,  a 
combination  of  graphene  with  ZnO  nanoparticles  (NPs)  might  give 
enhanced  performance  in  supercapacitors  [220,221],  Lu  et  al.  [214] 
carried  out  one-step  synthesis  of  graphene-ZnO  nanocomposite 
through  microwave-assisted  reduction  of  zinc  ions  in  aqueous  so¬ 
lution  with  GO  dispersion  using  a  microwave  synthesis  system.  The 
electrochemical  tests  show  that  graphene— ZnO  composite  exhibits 
an  improved  electrochemical  capacitance  of  146  F  g-1  with  good 
reversible  charge/discharge  behaviour. 

4.9.  Copper  oxide 

Copper  oxides  in  forms  CuO  and  Cu20  have  been  widely  used  as 
catalysts,  gas  sensors,  adsorbents,  and  electrode  materials.  The 
different  morphologies  of  CuO  have  attracted  more  interest  for 
practical  application.  Compared  with  nanoparticles,  CuO  whiskers 
are  expected  to  exhibit  remarkable  optical,  electrical,  magnetic,  and 
mechanical  properties.  In  electrochemical  field,  few  reports  have 
been  exhibited  the  application  of  cupric  (cuprous)  oxides  as  elec¬ 
trode  materials  on  batteries  [222,223],  Bijani  et  al.  [222]  prepared 
Cu20  thin  film  electrodes  by  electrodeposition,  for  lithium  batteries 
and  the  films  could  provide  a  specific  capacitance  of  350  Ah  kg-1. 
Wang  et  al.  [223]  reported  the  application  of  CuO  film  prepared  by 
solution  immersion  on  lithium  batteries,  and  the  thin  film  with 
network-like  structure  as  negative  electrode  exhibited  a  capacity  of 
560  mAh  g”1  and  long  cycling  life.  Zhang  et  al.  [224]  synthesized 
the  cubic  and  star-shaped  Cu20  as  anode  material  for  lithium  ion 


Fig.  14.  SEM  microstructure  of  nano  ZnO/C  composite  powder  [211], 


batteries.  Results  show  that  the  cubic  Cu20  delivers  a  higher 
discharge  capacity  than  star-shaped  Cu20,  and  has  a  good  stability. 

CuO  nanostructures  were  used  as  pseudocapacitor  electrode 
materials  and  exhibited  superior  performance  in  terms  of  specific 
capacitance,  cyclability,  energy  density,  and  power  density 
[225,226], 

Qiu  et  al.  [227]  synthesized  copper  oxide  nanostructures  by 
facile  microwave-assisted  hydrothermal  reactions  using  Cu(CH3_ 
COO)2/urea  and  Cu(N03)2/urea  aqueous  solutions,  respectively.  The 
synthesized  copper  oxide  nanomaterials  exhibited  excellent  pseu¬ 
docapacitance  behaviour  in  potassium  hydroxide  solution. 

4.10.  Vanadium  oxide 

Vanadium  oxides  in  various  forms  (e.g.,  H2V3C>8,  V2Os)  are 
widely  studied  as  electrode  material  for  Li-ion  batteries  (LIBs) 
[228,229]  and  electrochemical  capacitors  (ECs)  in  organic  electro¬ 
lytes  [230],  Since  several  vanadium  oxides  with  layered  structures 
show  the  redox  intercalation  ability  for  various  cations,  these  ma¬ 
terials  are  considered  as  an  important  electrode  in  developing  high 
energy  density  LIBs  [231  ]  and  high  power  ECs  [232],  Many  chemical 
routes,  such  as  hydrothermal  synthesis  [228,233],  sol-gel  method 
[234],  and  electrochemical  deposition  [232]  have  been  developed 
to  prepare  vanadium  oxides. 

Hydrous  vanadium  oxides  deposited  at  potentials  equal  to/more 
positive  than  0.4  V  showed  promising  capacitive  performance  in 
aqueous  media  containing  concentrated  Li  ions.  Such  vanadium 
oxides  have  been  found  to  possess  highly  reversible  Li-ion  inter¬ 
calation/de-intercalation  behaviour  in  12  M  Lid  between  -0.2  and 
0.8  V  [232],  Since  the  tunnels  of  Li-ion  diffusion  should  be  affected 
by  the  crystallinity  of  vanadium  oxides  [235],  Li  et  al.  [50]  used  the 
microwave-assisted  hydrothermal  synthesis  (MAHS)  method  to 
synthesize  vanadium  oxide  nanocrystals  in  order  to  shorten  the  Li- 
ion  diffusion  length.  Moreover,  this  work  demonstrated  the  idea 
that  doping  of  Li  ions  could  tune  the  Li-ion  diffusion  tunnels  within 
vanadium  oxide  nanocrystals  in  order  to  enhance  Li-ion  intercala¬ 
tion/deintercalation  rate  for  the  application  of  ECs. 

Vanadium  oxides  (VOx  nH20)  with  long  cycle-life  for  Li-ion 
supercapacitors  have  been  successfully  synthesized  by  means  of 
microwave-assisted  hydrothermal  synthesis  (MAHS)  method,  a 
faster  and  more  energy-saving  method  than  the  conventional  hy¬ 
drothermal  synthesis.  Such  oxides  show  capacitor  like,  lithium-ion 
intercalation/de-intercalation  responses  in  aqueous  media. 
Although  electrochemical  activation  is  required  to  reveal  the 
capacitor-like  behaviour  of  VOx-  nH20,  doping  Li  ions  by  adding  Lid 
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Fig.  15.  (a)  FESEM  image  of  ZnO,  (b)  SEM  image  of  ZnO-activated  carbon  composite  [215]. 


into  the  precursor  solution  not  only  effectively  shortens  the  acti¬ 
vation  time,  but  also  enhances  the  specific  capacitance  of 
VOxnH20. 

4.11.  Titanium  oxide 

Titanium  oxide  (Ti02)  has  been  found  to  be  an  alternative  for 
other  metal  oxides.  Titania  nanotubes  have  been  obtained  by 
alkaline  hydrothermal  treatment  [236],  The  Ti02  particles  so 
formed  were  subjected  to  microwave  heating  in  different  micro- 
wave  power  as  well  as  different  time  [69],  Ti02  is  a  good  dielectric 
material  and  exhibits  faradaic  capacitance.  Therefore,  the  combi¬ 
nation  of  high  surface  area  activated  carbon  with  large  specific 
capacity  of  Ti02  is  expected  to  form  a  composite  with  both  the 
faradaic  capacitance  of  the  metal  oxide  and  the  double  layer 
capacitance  of  the  activated  carbon.  Ti02  nanoparticles  have  been 
prepared  by  a  microwave  assisted  synthesis  method  and  Ti02/AC 
nanocomposite  used  as  electrodes  with  specific  capacitance  of 
122  F  g”1.  The  power  and  energy  density  of  Ti02/AC  supercapacitor 
show  2.574  W  g”1  and  92.74  Wh  g”1,  respectively  [237], 

4.12.  Mixed  metal  oxides/hydroxides 

To  increase  the  power  delivery,  at  least  by  one  order  of  magni¬ 
tude  higher  than  existing  capacitors,  metal  oxides  and  mixed  metal 
oxides  have  been  introduced  as  electrodes  which  also  deliver 
pseudo-capacitance.  For  an  ideal  double  layer  capacitor,  the  charge 
is  transferred  into  the  double  layer  and  there  are  no  faradaic  re¬ 
actions  between  the  solid  material  and  the  electrolyte.  In  this  case, 
the  capacitance  is  constant  and  independent  of  voltage.  On  the 
other  hand,  for  capacitors  that  use  metal  oxides,  pseudo¬ 
capacitance,  due  to  faradaic  reactions  between  the  solid  material 
and  the  electrolyte,  it  is  voltage  dependent.  Lead  Pb/Ru  pyrochlore 
(Pb2Ru206.5)  has  been  synthesized  as  a  new  electrode  material  for 
aqueous  electrolyte  capacitors  and  the  performance  is  similar  to 
ruthenium  oxide  electrodes  [238],  The  MnFe204/graphene  nano¬ 
composite  supercapacitor  shows  an  energy  density  of  25.9  Wh  kg-1 
at  a  power  density  of  225  W  kg-1  and  an  energy  density  of 
18.1  Wh  kg”1  at  a  power  density  of  14.4  kW  kg”1,  indicating  an 
excellent  power  capability  [239],  A  novel  MnSn(OH)6/graphene 
nanocomposite  was  produced  by  a  co-precipitation  method,  with 
the  potential  application  for  electrochemical  energy  storage  with 
maximum  capacitance  of  31.2  F  g”1  [240], 

Jayalakshmi  et  al.  [241]  synthesized  nano-Sn02— A12C>3  and 
Sn02-Al2C>3-carbon  composites  via  a  simple  single  step  hydro- 
thermal  route.  In  0.1  M  NaCl  solutions,  the  electrochemical  double 
layer  capacitance  of  Sn02— A12C>3  is  much  greater  than  of  the  pure 
Sn02  and  the  electrode  is  electrochemically  and  chemically  stable 
even  after  cycling  1000  times.  The  performance  of  the  carbon 


added  composites  is  better  than  Sn02  but  lower  than  Sn02-Al203. 
Veerasubramani  et  al.  [242]  reported  a  facile  sonochemical 
approach  to  the  synthesis  of  cobalt  molybdate  (C0M0O4)  nano¬ 
structures  and  their  application  as  electrodes  for  supercapacitors.  A 
thin  film  binder-free  Co— Mn  composite  oxide  (MnCo2C>4)  electrode 
is  fabricated  by  using  electroless  electrolytic  (EE)  techniques  that 
used  for  supercapacitor.  The  EE  electrode  yields  a  specific  capaci¬ 
tance  of  240  F  g”1  at  74  A  g  1  with  an  energy  density  of  21  Whkg”1 
and  51.6  kW  kg”1  of  power  density  [57],  As  a  potential  functional 
material,  zinc  cobaltite  (ZnCo2C>4)  has  been  investigated  for  appli¬ 
cations  as  Li-ion  batteries  anode  materials  [243-245], 

Nickel  cobaltite  (NiCo2C>4),  a  type  of  spinel  oxide,  has  attracted 
considerable  interest  due  to  its  low  cost.  It  seems  to  be  the  most 
promising  material  in  the  alkaline  solution  and  negative  electrode 
of  lithium  ion  batteries  [246],  Several  methods  have  been  used  to 
prepare  NiCo204,  such  as  hydroxide  decomposition,  electro¬ 
spinning  technique,  and  sol-gel  [247],  Microwave-assisted  hydro- 
thermal  process  is  a  recent  technique  to  prepare  nanocrystalline 
oxides  in  very  shorter  durations.  Only  few  papers  deal  with 
NiCo204  nanoparticles  used  in  supercapacitors  by  microwave- 
assisted  hydrothermal  method.  Tseng  et  al.  [248]  have  extended 
this  microwave  assisted  hydrothermal  synthesis  to  prepare 
NiCo204  nanoparticles  for  its  application  for  supercapacitors. 
NiCo204  nanoparticles  show  a  high-specific  capacitance  of 
332.8  F  g”1  under  a  mass  loading  of  2  mg  cm”1  within  -0.5  and 
0.5  V  at  a  scan  rate  of  100  mV  s”1  in  a  0.5  M  H2S04  solution. 

Among  these  composite  materials,  Co-Ni  hydroxides  have 
drawn  increasing  attention  because  the  introduction  of  cobalt  can 
not  only  reduce  the  resistance  of  the  electrode  and  raise  the  oxygen 
over  potential,  but  also  participate  in  the  electrochemical  redox 
reaction  [249,250],  Particularly,  layered  transition-metal  hydrox¬ 
ides  with  large  interlayer  spacing  display  desirable  electrochemical 
activity  derived  from  their  redox  nature  and  better  accessibility  for 
the  reaction  species  [251  ].  The  similarities  between  Ni  and  Co  offer 
opportunities  to  yield  hybrid  materials  by  the  widely  applied 
technological  doping  strategy.  If  Ni  and  Co  are  co-incorporated  in 
the  host  layer,  an  improved  capacity  and  cycling  stability  may  be 
expected  in  comparison  with  monometallic  hydroxides,  which 
therefore  offers  an  effective  way  to  achieve  high  electrochemical 
performance  [248,252-254],  Various  synthetic  approaches  have 
been  adopted  or  improved  for  preparing  Co(OH)2  and  Ni(OH)2 
nanomaterials,  such  as:  sonochemical  [21],  solvothermal  [22,23], 
and  hydrothermal  process  [24,25],  A  network  of  CoxNiyAlz  layered 
triple  hydroxides  (LTHs)  nanosheets  has  been  prepared  by  the 
potentiostatic  deposition  process.  The  maximum  specific  capaci¬ 
tance  of  1263  F  g”1  is  obtained  for  Coo.59Nio.2iAlo.2oLTH  [255], 
Ternary  Ni— Co— Cu  oxy-hydroxide  nanosheets  with  excellent 
pseudocapacitive  characteristics  have  been  prepared  by  cathodic 
deposition  [256],  Among  these  strategies,  the  microwave-assisted 
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Fig.  16.  FESEM  images  of  single  Ni(OH)2  (a),  Co(OH)2  (b),  and  Ni(OH)2-Co(OH)2  composites  [253], 


route  is  a  fast,  simple,  and  effective  method  synthesize  transition 
metal  hydroxides  due  to  its  clean,  cheap,  and  efficient  heating 
[248,252,253,257,258], 

A  microwave-assisted  reflux  method  has  been  used  to  rapidly 
synthesize  CoAl-layered  double  hydroxide  (CoAl-LDH)/graphene 
oxide  composite.  A  maximum  specific  capacitance  of  772  F  g  1  is 
obtained  at  1  A  g-1  in  6  M  KOH  solution  for  the  composite  con¬ 
taining  12.9%  GO.  Moreover,  the  composite  exhibits  excellent  long 
cycle  life  with  about  73%  specific  capacitance  retained  at  6  A  g -1 
after  10,000  cycles  [64]. 

Urchin-like  Ni(OH)2— Co(OH)2  hollow  microspheres  have  been 
successfully  synthesized  by  a  microwave-incorporated  hydrother¬ 
mal  method.  The  Ni(OH)2-Co(OH)2  hollow  microspheres  achieve  a 
high  specific  capacitance  of  2164  F  g-1  at  1  A  g  1  and  long-term 
cycle  life.  Electrochemical  data  reveals  that  the  Ni(OH)2— Co(OH)2 
hollow  microspheres  exhibit  much  better  electrochemical  revers¬ 
ibility  and  specific  capacitance  retention  than  that  of  the  single 
Ni(OH)2  or  Co(OH)2,  based  on  peak  potential  difference,  symmetry 
of  charge-discharge  curves,  and  specific  capacitances  at  high 
charge— discharge  rates.  For  comparison,  FESEM  images  of  single 
Ni(OH)2  and  Co(OH)2  are  shown  in  Fig.  16  [253].  By  using  the 
microwave-incorporated  hydrothermal  method,  uniform  flower¬ 
like  Ni(OH)2  nanosheets  with  a  size  of  150-250  nm  are  presented 
(Fig.  16(a)),  while  the  Co(OH)2  sample  shows  needle-like  ordered 
nanowires  (Fig.  16(b)).  Thus,  it  can  be  concluded  that  the  urchin¬ 
like  hollow  microspheres  architecture  of  the  Ni(OH)2-Co(OH)2 
composite  may  come  from  the  synthetic  multi-component  effect  of 
Ni(OH)2  and  Co(OH)2  (Fig.  16(c)).  This  sort  of  controllable  hollow- 
structured  nanomaterials  may  have  high  electrochemical  proper¬ 
ties  because  of  their  well-defined  interior  voids,  high  specific  sur¬ 
face  area,  good  electronic  conductivity,  and  structural  stability 
[253],  The  hybrid  Coo.2Nio.8(OH)2  hexagonal  nanosheets  are  syn¬ 
thesized  via  a  facile  microwave-assisted  and  delivered  a  high  ca¬ 
pacity  of  above  1170  F  g at  a  current  density  of  4  A  g  1  [258], 

5.  Conclusions 

Supercapacitors  or  Double-layer  Capacitors  (DLC)  are  consid¬ 
ered  as  power  sources,  with  a  power  density  between  5  and 
15  kW  kg-1.  In  fact,  supercapacitors  are  direct  electrical  storage 
components.  As  a  matter  of  fact,  the  electrical  power  is  directly 
stored  as  electrostatic  power,  without  any  energy  conversion. 
Therefore,  the  stored  electrical  power  can  be  quickly  supplied  by 
supercapacitors.  Although  their  capacity  of  specific  energy  is  rather 
low  (about  5-10  Wh  kg-1 ),  supercapacitors  are  able  to  provide  high 
levels  of  current  and  power  for  about  one  million  of  charge/ 
discharge  cycles.  In  this  way,  supercapacitors  are  complementary  to 
other  electrical  sources,  whose  dynamic  behaviour  and  stored  en¬ 
ergy  capability  are  different. 


Now,  a  variety  of  carbonaceous  materials  with  high  surface  area, 
suitable  surface  chemistry,  and  suitable  pore  structure  are  expected 
to  be  applied  as  excellent  electrode  materials  to  enhance  EDLC  with 
high  performance.  Although  this  capacitance  per  unit  area  is  low 
~  10—30  mF  cm-2,  it  can  be  appreciably  improved  by  the  use  of 
materials  with  high  specific  surface  areas.  In  order  to  improve  the 
wettability  and  capacitive  performance  of  carbonaceous  materials, 
some  chemical  surface  modifications  have  been  conducted.  Metal 
oxide/hydroxide  particles  such  as  ruthenium  oxide,  manganese 
oxide,  cobalt  oxide,  nickel  oxide  and  mixed  metal  oxides/hydroxide 
have  been  deposited  on  carbon  to  improve  the  specific  capacitance 
of  electrodes.  The  metal  oxides/hydroxides  play  a  crucial  role  in 
enhancing  the  capacitance  of  electrodes  through  fast  faradaic 
pseudocapacitance  effects.  Moreover,  the  improvement  in  electrical 
conductivity  of  electrodes  when  using  metal  is  of  importance  for 
promoting  the  capacitive  behaviour  of  carbon  capacitors. 

As  a  simple,  quick,  inexpensive,  uniform  and  energy-efficient 
heating  method,  microwave  irradiation  has  been  widely  used  in 
industry  and  academia  to  synthesize  such  porous  materials.  In 
recent  years,  microwave-assisted  synthesis  of  inorganic  materials 
has  received  great  attention  as  it  can  shorten  the  reaction  time  from 
several  hours  to  a  few  minutes,  with  enormous  energy  savings.  The 
greatest  advantage  of  microwave  heating  is  that  it  can  heat  a  sub¬ 
stance  uniformly,  leading  to  a  more  homogeneous  nucleation  and  a 
shorter  crystallization  time  compared  with  those  for  conventional 
heating.  Microwave  heating  has  been  introduced  to  assist  in  the 
synthesis  of  metal  oxide/hydroxide  materials  recently. 

This  review,  illustrates  that  microwave  synthesis  approach  can 
have  wide  implications  in  fine-tuning  surface  properties  of  metal 
oxide/hydroxide  materials  for  energy  storage  applications. 
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